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ABSTRACT. 


Information concerning geologic features of pitchblende veins through- 
out the world has been assembled. Thirteen of these deposits are de- 
scribed briefly and their features are summarized and classified. 

Several of the deposits belong to Bastin’s (2) nickel-cobalt-native 
silver type and are dominantly in metamorphic host rocks. The remaining 
deposits have certain features in common, namely: simple mineralogy, 
pyrite and/or galena as the representative metallic mirerals, silica or 
fluorite gangue, and granitic or monzonitic host rock. These deposits 
appear to constitute a second type of pitchblende-bearing deposits, which 
is described as the siliceous-pyrite-galena type. 

Three uranium metallogeniq =pocns are recognized: those of Pre- 
cambrian age in Africa and the Canadian Shield, late Paleozoic in 
Europe, and late Mesozoic-early Tertiary in the Cordillera of North and 
South America. 

‘1 
* Presented before the Society of Economic Geologists, Detroit Meeting, November, 1951. 
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Other features common to many of the described deposits include the 
variable paragenetic position of pitchblende, the controlling influence of 
tensional fractures on pitchblende deposition, and the widespread associa- 
tion of pitchblende with hematitic alteration. 


INTRODUCTION. 


BEGINNING in 1949 the authors and a number of their colleagues have as- 
sembled information about the geologic characteristics of pitchblende-bearing 
vein deposits throughout the world. The intent has been to prepare a geo- 
logical review of typical pitchblende deposits, which might prove useful in 
exploration for uranium-bearing veins. The work has emphasized deposits 
outside North America, and data have been obtained for a number of foreign 
deposits which have yielded even an insignificant production of pitchblende 
ore. For the present discussion thirteen deposits have been selected as il- 
lustrations: eight deposits outside North America, three in Canada, and two 
in the United States. These are presented only as illustrations; no attempt 
has been made to catalogue all the world’s known pitchblende deposits. All 
information has been taken from published material or from personal ob- 
servation. 

For his assistance in the preliminary compilation we wish to express our 
gratitude to Mr. E. K. Judd, Division of Raw Materials, U. S. Atomic 
Energy Commission, New York City, and to other members of the Technical 
Services Branch. Bert Myerson drafted the illustrations. 


DESCRIPTION OF DEPOSITS. 


To facilitate correlation and analysis of the information on the deposits 
considered here, the principal features are summarized in tabular form, and 





























TABLE I. 
SHINKOLOBWE MINE, BELGIAN CONGO. 
Host rock Mineral association Paragenesis Structural relationships Geologic age 
1. Formational Name | 1. Major Metallic Stage A Fracture filling was 610 to 676 X 106 
Minerals the chief mode of yrs. 
Mine series Quartz with emplacement of the Early Cambrian or 
Co-Ni sulfides monazite, ore. Hydrothermal late Precambrian. 
'yrite tourmaline and veins possibly are 
2. Petrography Chalcopyrite apatite. related to granite in- 
Bornite trusives near the 
Host rock is Chalcocite Katanga-Rhodesian 
mainly siliceous Covellite Stage B border. 
dolomite. In Pendlandite 
detail, most of Molybdenite Pitchblende or 
the ore is in Native copper uraninite 
thin-bedded Native gold (in cubes). 
quartzite. 
. Gangue Minerals | Stage C 
. Age 
Quartz Sulfides 
Precambrian Dolomite 1. Pyrite 
Siderite 2. Co-Ni sulfides 
Calcite 3. Chalcopyrite Source References: 
Chlorite 
Talc Bain (1) 
Stage D Baxter and Alter (4) 
Kerr and Merritt (25) 
Dolomite or Thoreau and Terdouck (41) 
siderite 
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each area is briefly described below. 
deposit are noted in the tables. 

The Shinkolobwe deposit is located in the southern part of the Belgian 
Congo near the border of Northern Rhodesia. Since its discoverey in 1915, 
it has been the world’s foremost producer of pitchblende ore. The geologic 
setting of the deposit is complex, being characterized by a large overthrust 
plate of sedimentary rocks, intersected by an intricate pattern of vein-filled 
fractures. The ore bodies are large, as compared to the other pitchblende 
ore bodies described here, and the mineralogy is complex and varied (Table I). 

The pitchblende deposits at Joachimsthal, located in the Erzgebirge region 
of western Czechoslovakia, are associated with several metal-bearing minerals 
that have been mined since the 15th century. The uranium content of the 


The sources of information for each 


ore was discovered in the middle of the 19th century. 


It was from the residue 

















TABLE II. 
JOACHIMSTHAL DISTRICT, CZECHOSLOVAKIA. 
Host rock Ba Paragenesis Structural relationships a tans — 
1. Formational | 1. Major In detail, pitch-| North-south trending ‘‘Mid- Near the veins | Carhon- 
Name Metallic blende is always} night” veins, dipping west, biotite almost | ifercus 
Minerals found later have been most productive of | disappears and 
Joachimsthal than quartz pitchblende. These cut the muscovite 
Schist Galena, and earlier east-west trending schistosity | seems to 
commonly than dolomite. | and are offset by minor faults. | increase. 
within Associated sul- | These veins are older than east- 
2. Petrography pitchblende | fides are partly | west “‘Morning”’ veins. Inter- | The dolomite 
Sphalerite older and sections with east-west veins | and calcite is 
Biotite-rich Chalcopyrite| partly younger are favorable for pitchblende. | colored red- 
schist, con- Pyrite than pitch- “Morning” veins, dipping brown. The 
taining Cobalt and | blende. north, have little uranium. fluorite is 
biotite, nickel sul- dark-colored. 
muscovite, fides, arse- Open vertical portions of the 
quartz and nides, sulph-| Stage A vein are metalliferous. Flats 
oligoclase- arsenides, are brecciated and generally 
albite, with and sulph- Milky quartz | barren. 
accessory antimonides 
tourmaline, Native silver Crusts and crystallined vugs 
apatite, silver sul- Stage B indicate fissure filling. Veins 
titanite fides are 15-60 cm. wide, and rarely 
pyrite, and “Hornstone”’ up to 2 m. Within the ore 
rutile. (iron bearing bodies the lower portions con- 
2. Gangue chert) tain more uranium. Silver 
Quartz-rich, Minerals ores are in higher portions. 
biotite-poor, Stage C Cobalt-nickel ores are inter- 
feldspar-poor Quartz mediate. Calcite is above, 
phases of the Jasper Most of the quartz and dolomite below. 


schist con- 


Iron-bearing 


cobalt-nickel 


tain veins chert (horn- | minerals Ores are thought to be related 
relatively stone) to the Eibenstock granite, 
poor in Dolomite which has accessory pitch- 
pitchblende Ankerite Stage D blende. Uranium is concen- Source References: 
content. Siderite trated in the youngest granitic 
Calcite 1. Pitchblende | phases of the intrusive. Step and Becke (39) 
Barite 2. Dolomite 
3. Age Fluorite 3. Pyrite 
(Only veins | 4. Sphalerite 
Schist is with dolo- 5. Galena 
Precambrian. mite gangue 
carry pitch- 
blende) Stage E 








A few of the 
cobalt-nickel 
minerals 


Stage F 


Silver-bearing 
minerals 
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of plants treating these ores that radium was first isolated by the Curies in 
1898, and since that time the Joachimsthal ores have been the most important 
European source of uranium. Because of the long mining history of the 
district, the Joachimsthal area has been described in great detail in the geo- 
logical literature (Table II). 

The deposits at Johanngeorgenstadt, nine miles north of Joachimsthal, 
lie within the mineralized zone that extends along the eastern border of the 
Eibenstock granite from Schneeberg to Joachimsthal (Fig. 1). The de- 


+ _ 
+ + 
+ + et 
+ Te 
+ + 
+ ry 





, 














LEGEND 
MUA, Bae, 
ROCKS OLDER GRANITE CONTACT AUREOLE ROCKS YOUNGER 
THAN GRANITE AROUND GRANITE THAN GRANITE 


Fic. 1. Relation of Joachimsthal and Johanngeorgenstadt to the 
Eibenstock granite. 


posits are similar in general character to those at Joachimsthal although silver 
and bismuth minerals dominate at Johanngeorgenstadt whereas Joachimsthal 
has yielded primarily silver, cobalt, and nickel ores. Johanngeorgenstadt has 
been the second most important source of uranium in the Ezrgebirge region 
(Table It). 

The vein deposits in the Wolsendorf area of Bavaria, in western Germany, 
largely contain fluorite that is mined for metallurgical use. Pitchblende occurs 
sparingly in a few places within the veins, and the adjacent granite wall rock 

















GEOLOGIC CHARACTER OF TYPICAL PITCHBLENDE VEINS. 81 


TABLE III. 


JOHANNGEORGENSTADT DISTRICT, CZECHOSLOVAKIA. 

















‘ . Mineral koe Structural Hydrothermal Geologic 
Host rock association Paragenesis relationships alteration age 
1. Formational 1. Major Metallic| Generally same Filled fissures. Wall rock is Late Car- 
Name Minerals as Joachimsthal. | Considerable im- mineralized in | boniferous or 
pregnation of wall places to form | lower Per- 
Schiefergebirge Silver and Galena, chalco- rock by silver and ore. mian. 
series bismuth sulph-| pyrite, and bis- bismuth minerals 
arsenides muth occur both | and pitchblende. Reddish platy 
and sulphanti-| as inclusions in Two intersecting dolomite near 
2. Petrography monides pitchblende and systems trending ore; pearly 
Native silver | as veinlets cutting] northwest and east- | white dolo- 
Phyllites, con- Bismuth pitchblende. northeast. Dip mite away 
taining sericite, Zinc 60°-80°. Ore dis- from ore. 
chlorite, quartz Copper Pitchblende is tribution within the 
and albite, Lead sulfides | partly in massive | veins is very spotty 
which have | Cobalt crusts, bands or and ore shoots are 
been metamor- | Nickel botryoidal masses | widely separated. 
phosed by the Minerals and partly in No evidence of 
Eibenstock (rare) fine-grained inter- | vertical temperature 
granite. Fine- Hematite growth with zoning. 
grained, thinly galena, chalco- 
bedded phyl- pyrite and Some veins are 
lites are the 2. Gangue bismuth. simple fissures with = 
most common | Minerals symmetrical band- 
host rock. | ing; some are 
| Dolomite brecciated veins. 
Gray quartz 
3. Age Chert Vein structures in Source References: 
Jasper phyllite become 
Precambrian Calcite (rare) narrow and barren Viebig (44) 
and Paleozoic. Barite in granite. Muller (33) and (34) 
Fluorite 
Source rock thought 
to be Eibenstock 
granite. 

















is sparsely impregnated by a number of secondary uranium minerals (Table 
IV). 

The pitchblende vein deposits at Urgeirica, in north-central Portugal, are 
among the largest and most persistent of a group of uranium-bearing siliceous 
veins that transect the granite batholith of that area. These deposits were a 
source of the radium produced in France during the early part of the twenti- 
eth century and are being mined at the present time for uranium (Table V). 

In the southwestern part of England, largely in Cornwall, pitchblende has 
been produced as a by-product of the copper ores that formed the basis for a 
large mining industry prior to 1900. Only two groups of mines, however— 
the South Terras group near St. Stephen, Cornwall, and the Trenwith mine 
at St. Ives, Cornwall—have yielded significant quantities of uranium (Table 
VI). 

At Great Bear Lake, in the Northwest Territories of Canada, silver and 
pitchblende ores have been produced from a sizeable deposit near Echo Bay 
on the east shore of the lake. Since its discovery in May 1930, this deposit 
has become the most important single producer of pitchblende ore in North 
and South America. The several veins are nearly parallel and cut Proterozoic 
tuffs, sediments, and porphyries (Table VII). 

In the Goldfields district, north of Lake Athabaska in Saskatchewan, pitch- 
blende ore bodies occur in a large number of vein deposits of late Precambrian 
or early Paleozoic age. These veins cut a variety of metamorphic and 
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granitic rocks and fill subsidiary fractures related to regional faults (Table 
VIII). 

In the Montreal River district, on the east shore of Lake Superior in 
Ontario, pitchblende occurs along the margins of diabase dikes that transect 
granite and granite gneiss of Algoman or Algonkian age. Primary uranium 
oxide, then called “coracite,” was first reported here in 1847 and was re- 
discovered in 1948. Since then several scores of pitchblende-bearing veins 
have been discovered in the area (Table IX). 

















TABLE IV. 
W6LSENDORF DISTRICT, GERMANY. : 
Mineral - Structural Hydrothermal Geologic 
Host rock association Paragenesis relationships alteration age 
1. Formational 1. Major Metallic) Stage A Fissures in Dark purple fluo- | Lower 
Name Minerals granite. rite, barite dark- Permian 
Carbonates colored near 
Bunter granite Specularite Pitchblende uranophane. 
and gneiss (hematite) ~ B formed as inclu- | Uranium found 
yrite Stage sions and vein- only in associa- 
Chalcopyrite I niall lets in fluorite tion with dark 
2. Petrography Galena Cc hert iin and dissemina- fluorite. 
crystalline tions in granite f 
Pink, medium- Quartz wall. Some In 1917 Heinrich 
grained ? 2. Gangue kidney-shaped demonstrated that 
oat anahe Minerals Stage C aggregates. colorless — 
with perthitic could be colore 
orthoclase mei pepe to | Fluorite of several deep blue by 
enclosing bi ack uorite | generations, inter- radiation. 
tabular ‘eects rupted by barite Sohl and Hall 
Sue eats Chert a se i, es eee 
ayes: >her uartz - . 
muscovite and Carbonates e view that calcium 
altered and fluorine ions 
biotite. Stage D are liberated by 
radioactive bom- 
Galena and bardment; calcium 
3. Age chalcopyrite gives color and 
: fluorine odor. 
Hercyinan 
(late Stage E 
Carboniferous- 
Permian) Later carbonates . 
Stage F Source References: 
Fracturing with Kohl and Haller (28) 
deposition of Everhart (13) 
quartz, fluorite, 
barite, hematite 
pitchblende and 
pyrite. 

















During a radiometric reconnaissance of the Coeur d’Alene mining district 
in 1949, pitchblende was discovered in the lower levels of the Sunshine mine, 
one of the country’s major silver producers. Subsequently, pitchblende was 
also located in the Coeur d’Alene mine, about three miles to the east (Ta- 
ble X). 

Several mines in the Colorado Front Range have intermittently yielded 
pitchblende ore as a by-product of precious metal production. These mines, 
many of which are now inoperative, are for the most part located in the Quartz 
Hill district, Gilpin County, and the Lawson district of Clear Creek County, 
Colorado. The Caribou mine, Boulder County, and Copper King mine, 
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Larimer County, are being explored for pitchblende. The deposits are in 
veins that transect Precambrian schist and granite gneiss as well as monzonitic 
intrusives of upper Cretaceous and Tertiary age (Table XI). 

In the Marysvale district, Piute County, Utah, pitchblende ore has been 
mined from vein deposits since 1949. At the surface the deposits are marked 
by secondary uranium minerals but pitchblende is found in the vein structures 
at depths greater than 90 feet (Table XII). 


TABLE V. 


URGEIRICA DISTRICT, PORTUGAL. 


























: a Mineral 4 Structural Hydrothermal Geologic 
Host rock association Paragenesis relationships alteration age .‘ 
1. Formational 1. Major Metallic) Stage A Ore bodies are in | a. Intensely Post-Permian 
Name Minerals a series of vein- altered 
White filled, steep ten- granite near 
The Meseta Pyrite crystalline sion fractures veins: Quartz, 
granite Galena quartz trending NE pink potash 
Sphalerite and/or N-S. feldspar, 
Chalcopyrite Commonly they unaltered 
2. Petrography Arsenopyrite | Stage B are in or near muscovite, 
Hematite series of diabase and a green 
Light-colored, Hematitic dikes. sericite-like 
medium to jasper mineral 
coarse-grained | 2. Gangue Ore bodies com- (pinite or 
granite, por Minerals monly are adja- oncosine?) 
phyritic in Stage C cent to cross- 
places. Quartz, Clouded white fractures that are | b. Zone 6 inches 
oligoclase, or gray quartz | Pyrite later than miner- to 10 feet 
orthoclase, Smoky and Sphalerite alization, but from vein: 
microline, amethystine Galena there may have Biotite and 
muscovite, and quartz been pre-mineral plagioclase 
biotite with Microcrystal- faults ancestral progressively 
accessory line quartz Stage D to them and replaced by 
apatite, tour- Jasper fault intersections green sericite- 
maline, and Microcrystal-| may have been like mineral. 
ryl. line quartz conduits for ore- 
Pitchblende | bearing solutions.| c. Moderately 
altered zone 
3. Age Ore bodies are (more than 10 
Stage E largely within feet from 
Carboniferous- straight parts of vein): Argilli- | Source 
Permian (?) Pyrite veins where fis- zation of References: 
(intruding Chalcopyrite | sures were most feldspar. r 
Cambrian open. In “tight” James Cameron (7) 
schists) segments, on S.H.U. Bowie 
Stage F some bends, ore Everhart (13) 
bodies are Cerveira (8) 
Quartz lacking 
Pitchblende 
Pyrite 





The Carrizal Alto district, in northern Chile, was a large producer of 
copper during the beginning of the last century but the area is now inactive. 
The ore deposits, which contain scattered pods of pitchblende, are in quartz 
veins trending N 60° E through intrusives of the Andean batholith (Table 
XIIT). 


DISCUSSION OF DEPOSITS. 


Epochs of Mineralization —The thirteen deposits described represent at 
least three general ages of mineralization (Fig. 2). The African and 
Canadian deposits are Precambrian; those in Europe date from the late 
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CORNWALL DistrRIcT, ENGLAND. 














-s Mineral : Structural Geologic 
Host rock association Paragenesis relationships age 
1. Formational Name | 1. Major Metallic | Stage A Fissure fillings, Post-Carboniferous 
Minerals particularly in 
Meadfoot Beds Chalcopyrite “cross-courses” 


N% 


. Petrography 


. Age 


Slate (‘‘killas’’) 
and greenstone 
(probably meta- 
morphosed 
volcanic ash). 


Meadfoot Beds are 
ower Devonian. 
St. Ines deposits 2. 
are in Cambrian 

slates. 





Chalcopyrite 
Wolframite 
Arsenopyrite 
Pyrite 
Galena 
Sphalerite 
Sulfides and 
arsenides of 
cobalt and 
nickel 
Marcasite 
Pyrolusite 
Hematite 


Gangue 
Minerals 


Quartz 
Jasper 
Chalcedony 
Fluorite 
Dolomite 
Siderite 





Wolframite 
Arsenopyrite 
Quartz 
Fluorite 
Pyrite 
Jasper 


Stage B 


Galena 
Sphalerite 
Pyrite 
Quartz 
Dolomite 
Chalcedony 
Sulfides and 
arsenides of cobalt 
and nickel 
Pitchblende 
Fluorite 


Stage C 


Pyrite 
Marcasite 
Pyrolusite 
Hematite 
Limonite 
Siderite 





cutting older and 
higher temperature 
veins. 


Veins are in 
metamorphic 
aureoles in sedi- 
mentary rocks 
surrounding 
granitic stocks. 
Deposits are pre- 
sumably related 
to the granite. 








Source References: 


Dewey, Henry (12) 
Judd, E. K. (21) 

Davison, E. H. (11) 
Stephens, F. J. (40) 
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Index map showing location and geologic age of selected 
pitchblende-bearing deposits. 
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Paleozoic; and most of the Cordilleran deposits of North and South America 
are of late Mesozoic-Tertiary age.* 


Three uranium metallogenic epochs are thus suggested. 


In each area the 


time of uranium deposition is generally the same as the time of structural de- 
formation and the time of general metallization. 


GREAT BEAR LAKE DEposits, NORTHWEST 


TABLE VII. 


This relation is to be ex- 


‘TERRITORIES, CANADA, 











2 Mineral 5. Structural Hydrothermal Geologic 
Host rock association Paragenesis relationships alteration rom 
1. Formational . Major Stage A Regularly dis- 1. Alteration is prom- | 1251 to 1420 
Name Metallic tributed vein- inent in vicinity of | X10 years 
Minerals Pitchblende bearing frac- mine. 
Echo Bay group Quartz tures at 600-foot | 2. Coloration of wall | Early or 
(three lowest Fe oxides Safflorite- intervals. rock by hematite middle 
members) Sulfides Rammels- renga ater erge and obliteration of | Precambrian 
Sulfarse- bergite to N 6 original textures 
nides Cobalt-nickel | dips a cae marked within 4 or 
2. Petrography Co-Ni sul- | minerals westerly. 5 feet of the veins. 
fides, arse- No. 1 Vein: 3. Uranium deposits 
a) Fine-grained nides, and strong shear are related to 
to dense dark- sulfarse- Stage B zone 40 feet quartz-hematite 
colored tuff. nides wide with hori- period of mineral- 
*b) Quartzose Native Bi Quartz zontal displace- ization. 
sediments: Molyb- Smaltite ment of 300 feet. | 4. Greatest alteration 
Quartzite, denite Cobaltite No. 2 and 3 effects are most in- 
chert, *and Sphalerite | Other cobalt- | Veins: tense in quartzose 
iron-rich Galena nickel minerals} Minor shears sediments. 
quartzose Cu-bearing and related 5. Altered rock con- 
sediments sulfides tension fractures, tains: quartz, 
with minor Native Ag | Stage C with displace- hematite, magne- 
argillites, Ag sulfides ments of less tite, sericite, chlo- 
limestone, Mn oxides | Dolomite than 20 feet. rite and carbonate. 
and con- Lead No. 5 (Dumpy) | 6. Magnetite is local- 
glomerate. Zinc Vein: Strong ized around vein 
c) Feldspar . Gangue Copper sul- shear parallel to deposits, decreasing 
porphyry Minerals es No.1. Thetwo away from them. 
(sill rock) define a block 7. Width of altered 
Quartz with subsidiary zone is proportional 
Dolomite Stage D minor fractures. to vein. 
3. Age Rhodo- Fractures 8. In large shears, 
chrosite Ferruginous formed by shear- talcose and chlo- 
Proterozoic Witherite rhodochrosite | ing action; ritic zones repre- 
Barite Copper and opened by later sent most intense 








silver sulfides 
Native silver 





tension. 


alteration. 








Source References: 


Kidd & Haycock (26) 
Marble, John P. (32) 
Nier (35) 





James, Lang, Murphy, and Kesten 
20 





* Most favorable hosts, especially argillites. 


pected, since pitchblende represents only a small component of the ore bodies 
in which it occurs and is but one aspect of general metallization, which is 
usually closely related with structural disturbance. 


are considered here to be of late Mesozoic age. 


It is perhaps significant that the veins of EF 
world’s greatest pitchblende producers. 


Precambrian age have been the 
Those of Paleozoic age have been 


1In keeping with the general concept of Coeur d’Alene geology, the uranium-bearing deposits 


However, recent age determinations made on 


pitchblende from the Sunshine mine suggest that the uranium mineralization may date from late 
Precambrian or early Paleozoic (Kerr and Kulp, 24). 
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substantial producers. Little ore has as yet come from the younger deposits 
of the Cordilleran chain, but many of these lodes are only of recent discovery 
and their development is incomplete. 

Types of Host Rock.—The host rocks of most of the deposits described 
do not include a wide variety of lithologic types; rather, the host rocks fall 
into two main groups—metasediments and felsic intrusives. 

Deposits of Precambrian age occur in a variety of rocks. The Great Bear 
Lake veins are within rocks so highly metamorphosed that their original 
character is not definitely known; metamorphosed sediments, tuffs, and flows 


TABLE VIII. 


LAKE ATHABASKA DistrIcT, SASKATCHEWAN, CANADA. 




















5 4 Mineral — _ Structural Hydrothermal Geologic 
Host rock association Paragenesis relationships alteration age 
1. Formational 1. Major Metallic | Stage A Largely filling of Hematitic Late 
Name Minerals tensional fractures | staining. Precambrian 
Hematite; minor | which were formed 
Tazin group, Hematite Silica and by shears and 
granitic rock, Copper sulfides | carbonate. opened by later 
Athabaska and Sulfo-salts tension. 
series, Galena Minor replacement 
Sphalerite Stage B of dolomite wall 
rock. 
2. Petrography Calcite; minor 
2. Gangue hematite and 
Basic schists Minerals chlorite. 
and gneisses, 
andesite, Carbonates 
basalt breccia, Silica minerals | Stage C 
dolomite, 
quartzite. Pitchblende 
Basic rocks 
appear to be 
most favorable. Stage D 
Arsenides 
3. Age 
Archean and Stage E 
Proterozoic 
Sulfides 
Stage F 
Selenides Source References: 
Christie & Kesten ®) 
Robinson, S. C. (36 
Stage G 
Late calcite 














are thought to be represented. Metasediments appear to be the most favor- 
able hosts. The Lake Athabaska deposits are within granite gneiss, basic 
gneiss, metamorphosed arkose and conglomerate, and other metasedimentary 
rocks. The Montreal River occurrences are within gneissic granite and 
diabase. The Shinkolobwe deposits have been formed. within siliceous dolo- 
mite of the Mine series. 

Among the Paleozoic deposits, those at Joachimsthal and Johanngeorgen- 
stadt are within schists, phyllites, and slates of sedimentary origin. The 


Wolsendorf and Urgeirica veins, on the other hand, cut Paleozoic granite 
bodies. 
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TABLE IX. 


MONTREAL RIVER DIsTRICT, ONTARIO, CANADA. 















































3 a Mineral P 3 Structural Hydrothermal | Geologic 
Host rock association Paragenesis relationships alteration = 
1, Formational Names 1. Major 1. Calcite with | Open, vein- Hematitization | Post-Kee- 
Metallic hematite filled fissures of gangue min- | weenawan 
Algoman or Algonkian Minerals 2. Pitchblende and shatter erals and wall 
granite and granite 3. Hematite zones are in and | rock. Consider- 
gneiss and Keeweena- Hematite 4. Calcite along contacts | able silicifica- 
wan diabase dikes. Pyrite of east-trending | tion of wall 
diabase dikes rock. Little 
Native that cut granite;} carbonization 
silver also in granite. | and no argilliza- 
Calusthalite Stockworks and | tion. 
feather frac- 
tures. 
2. Petrography 2. Gangue 1. Pitchblende 
Minerals (intermixed 
Pink granite and granite with other 
gneiss—porphyritic and Dolomite metallic 
pegmatitic in spots. Calcite minerals) 
Quartz is very fine- Quartz 2. Hematite 
grained. Jasper (partly con- 
temporaneous 
Two types of diabase with pitch- 
dikes: older olivine-free blende) 
type, fine-grained near 3. Carbonates 
contacts and medium- and quartz 
grained toward center of 
dikes; younger olivine- Source References: 
type. 
James, Lang, Murphy, 
and Kesten (20) 
3. Age Wright, H. D. (46) 
Everhart (13) 
Granite is Algoman or 
Proterozoic. Diabase 
is Keeweenawan. 
TABLE X. 
CogEurR D'ALENE District, IDAHO. 
aa Mineral : Structural Hydrothermal Geologic 
Host rock association Paragenesis relationships alteration age 
St. Regis quartzite | 1. Major 1. Pyrite Pitchblende is Quartzite near Generally 
Belt series (Pre- Metallic 2. Arsenopyrite | found in veinlets | pitchblende considered 
cambrian). Minerals 3. Tetrahedrite | closely related to | veins is stained | Tertia 
4. Pitchblende the main Sunshine | red-brown as far | According to 
Pyrite vein system which | as one foot away | new data by 
1. Formational Arsenopyrite | Chalcopyrite fol-| is a tension frac- from the vein Kerr and 
Names Chalcopyrite | lows tetrahedrite| ture trending east | walls. Kulp (24): 
Stibnite but its age rela- | and dipping 60-80°) Coloration ap- Precambrian 
St. Regis quartz- Tetrahedrite | tion with pitch- | south. pears to orig- 
ite of the Belt Galena blende is not Pitchblende is inate as blades 
series. Erythrite is | clear. found only below | and grains of a 
formed on 2500 feet. Pitch- | red mineral 
some mine blende-bearing (probably hema- 
2. Petrography workings. No veins are fissure tite) which forms 
primary co- veins up to 18 in sericite inter- 
Thin-bedded balt mineral inches wide. Pitch-| stitial to quartz 
purplish gray has m rec- blende forms small | grains. 
quartzite and ar- ognized. spherulites up to 
gillite. Pore- 10 microns in di- 
space filling by ameter which re- 
quartz and seri- | 2. Gangue place vein quartz. 
cite with resul- Minerals quartzite, wall 
tant “bleaching” rock and to a 
effect. lesser extent 
Quartz tetrahedrite. 
ye Siderite Source References: 
; Thurlow and Wright (43) 
Precambrian 
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Tertiary deposits are predominantly within felsic intrusives. 


In summary the two dominant host rock types are: 1) felsic intrusive rocks, 
and 2) metamorphic rocks largely of sedimentary origin. 
group dominates among the older deposits and the intrusives among the 


younger. 


Mineral Association —Most of the world’s pitchblende ore has been pro- 
duced from deposits containing a variety of metallic minerals. 


The metamorphic 


Of particular 





























TABLE XI. 
FRONT RANGE DIstRIcT, COLORADO. 
Mineral * Structural Hydrothermal | Geologic 
Host rock association Paragenesis relationships alteration age 
1. Formational Names . Major Quartz Hill and Two general Widespread Early 
Metallic Lawson districts: | sets of vein- sericitatization, | Tertiary 
Idaho Springs forma- Minerals a) Quartz filled fissures considerable 
tion: b) Intergrown cut all other argillization, 
Granite gneiss Galena (some chalcopyrite rocks. ‘Sv rikes | particularly at 
Monzonite porphyry of which is (with asso- are west-north | the Caribou 
“Bostonite dike’ rock Au- and/or ciated minor westerly and mine, and mod- 
Ag-bearing) sphalerite) and | northeasterly erate silicifica- 
Sphalerite pyrite. and the dips are | tion. Little or 
2. Petrography Chalcopyrite Pitchblende de-| generally 70° no carbonatiza- 
Argentite posited con- or steeper in tion. 
Idaho Springs forma- Native Ag temporane either direction. 
tion: Proustite ously. Little or no 
Quartz-biotite and Pyrite (some | c) Quartz replacement 
biotite-sillimanite of which is Siderite or 
schist and quartz Au-bearing) Dolomite 
gneiss. Tetrahedrite Asphaltite 
Galena 
Massive, medium- Pyrite 
grained, gray . Gangue Chalcopyrite 
monzonite porphyry Minerals 
Caribou mine: 
Bostonite dike rock: Quartz 
Lilac-colored or Siderite Stage A 
reddish brown por- Fluorite 
phyritic rock with 
alkalic feldspars and Quartz 
little quartz. Pyrite 
Sphalerite 
Galena 
3. Age . 
Idaho Springs forma- Stage B 
tion: 
Precambrian Chalcedony 
Granite gneiss: Pitchblende 
Precambrian (with minor 
Monzonite porphyry: pyrite) 
upper Cretaceous Sphalerite 
Bostonite dikes: Chalcopyrite 
Tertiary (with minor 
pyrite) Source References: 
Pyrite 
Argentite Bastin & Hill (3) 
Chalcopyrite Lovering & Sua (31) 
Proustite Wright, H. D. (46 
Native Ag 





importance are base-metal sulphides, cobalt-nickel minerals, and native silver. 
These deposits have been worked as sources of cobalt, nickel, bismuth, silver, 
and the base metals; uranium is but a minor component. 

Bastin (2) has described these ores as the “nickel-cobalt-native silver” 
ore type. Among the deposits considered here are three that Bastin has 


described as being typical of the nickel-cobalt-native silver ore type, namely, 
These deposits all 


Great Bear Lake, Joachimsthal, and Johanngeorgenstadt. 





At a a an 
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TABLE XII. 


MARYSVALE DistRIcT, UTAH. 

















1. Mineral 7 Structural Hydrothermal Geologic 
Host rock association Paragenesis relationships alteration age 
1. Formational Name 1. Major Tentatively: Vein-filling in Hydrothermal Tertiary— 
Metallic two prominent | alteration in the probably 
Mt. Belknap rhyolite Minerals a) Chalcedonic antes of en district is pro- Miocene 
Intrusives Quartz a) N 65° E, nounced. Four (?) 
Bullion Canyon Pyrite en ver- | stages recognized 
volcanics. Magnetite b) Crystalline tical; and in the field, char- 
Jordistite uartz ) northwes- acterized as fol- 
Secondary Fluorite terly, dip- lows: 
2. Petrography oxides and ping 40°-60° 
sulfates of c) Pitchblende southwest. Stage 1—feldspar 
Mt. Belknap: Fe, Mn, Mo, yrite clouded 
rhyolite (several and possibly Jordisite Fractures are Stage 2—feldspar 
facies) and rhyolite n. best developed converted to 
tuff. d) Calcite in quartz mon- argillic minerals 
zonite and gran-| Stage 3—biotite 
Intrusives: 2. Gangue ite; numerous converted to 
latite porphyry quartz Minerals small subsidiary chlorite 
monzonite, granite, fractures in the | Stage 4—original 
aplite and grano- Quartz volcanic rocks. texture de- 
diorite. we stroyed. 
Opal 
Bullion Canyon: Fluorite 
alkalic latites and Calcite 
andesites in flows, 
tuffs, and agglom- 
erates. 
en Source References: 


Intrusives) earlier 

Bullion greed 

Canyon 

Mt. Belknap: later 
Tertiary 














Callaghan, Eugene (6) 

Gruner, Fetzer, and 
Rapaport (17) 

Kerr, Paul F. et al. (23) 

Everhart (13) 





occur within metamorphic host rocks. 


The other deposits within the meta- 


morphic group also are characterized by a varied mineral assemblage (Figs. 


3, 4). 


relatively minor component. 


TABLE XIII. 


CARRIZAL ALTO DiIsTRICT, CHILE. 


They contain a large variety of minerals, among which pitchblende is a 

















: Mineral Z adil Structural Hydrothermal | Geologic 
Host rock association Paragenesis relationships alteration age 

Cretaceous 1. Major Metallic | 1. Magnetite Scattered small | Hematitic Probably 
diorite and granite Minerals Chalcopyrite pods of pitch- staining in Tertiary 
near intruded 2. Hematite blende within wall rock 
quartzite of Magnetite Pitchblende the vein-filled adjacent to 
Triassic age or Molybdenite 3. Molybdenite portions of vein. 
older. Cobalt-nickel Pyrite tensional 

minerals Cobaltite fractures. 

Chalcopyrite 4. Arsenopyrite 

Pyrite 5. Niccolite 

Arsenopyrite 6. Chloanthite 

Bornite 7. Bornite 

Hematite Chalcopyrite 

8. Calcite 
2. Gangue 

Minerals 

Actinolite Source References: 

Tourmaline Flores (15) 

Chlorite Everhart (13) 

Epidote 
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By contrast, the vein deposits occurring in felsic intrusive host rocks are 
considerably less complex in their mineral assemblage and contain relatively 
few metals other than uranium. The deposits in granitic masses of Paleozoic 
age (Urgeirica and Wo6lsendorf) are mineralogically simple, with lead as the 
only significant accessory metal. The deposits in monzonite masses of late 
Cretaceous and Tertiary age (Carrizal Alto, Colorado Front Range, and 
Marysvale) include a somewhat wider variety of metals, and in these deposits 
copper is generally more important than lead. 

A parallel classification of uranium veins according to host rock has been 
used by R. J. Wright (47) in describing certain small deposits in Arizona. 
One group includes deposits with mixed sulphides of copper, leai, and 
(rarely) zinc and with traces of gold and silver. These deposits are within 
volcanic and metamorphic host rocks. The second group of veins is enclosed 
within granite and is quite simple, with only sparse sulfides. Pyrite and galena 
are generally represented. 

The gangue minerals in the thirteen pitchblende veins considered in this 
paper also show a correlation with the type of host rock (Fig. 4). Deposits 
contained within metamorphic rocks generally have carbonate gangue. Dolo- 
mite is the most widespread gangue mineral, but calcite, siderite, and barite 
are common. Silica minerals are represented but they are generally sub- 
ordinate in amount to the various carbonates. In contrast, the deposits con- 
tained within the intrusive group of host rocks carry a dominantly siliceous 
gangue, and fluorite is abundant in certain of these deposits, such as at Wolsen- 
dorf. The silica minerals include jaspar, chalcedony, and white, gray smoky, 
and amethystine quartz. Carbonates are rare and have not been reported at 
Urgeirica or at Wolsendorf. 

To summarize, in mineral association and host rock, most pitchblende veins 
belong to two main types. The nickel-cobalt-native silver ore type has been 
defined earlier by Bastin. The second type is here described as the “siliceous- 
pyrite-galena” ore type. Characteristics of the two groups are noted below. 


Nickel-Cobalt-Native Silver (Bastin) Siliceous-Pyrite-Galena 
Host Rock Metasediments, volcanics Felsic intrusives 
Metallic Minerals Mineralogy complex; sulfides and sulfarse- Mineralogy simple; minor 


nides of Co, Ni, Cu, Pb present; precious galena, and pyrite present 
metals present 


Gangue Minerals Carbonates, lesser silica Silica, fluorite; lesser car- 
bonates 
Examples Great Bear Lake, Joachimsthal, Shinkolobwe Marysvale, Urgeirica 


Paragenesis of Pitchblende-—The age relation between pitchblende and its 
associated vein minerals is variable. The only consistency is shown by the 
Precambrian deposits in which pitchblende is an early mineral, preceding 
almost all the associated metallics. In the other deposits pitchblende occupies 
a variable position and is intermediate to late in age. 

It has been suggested (Everhart and Wright, 14) that the wide range in 
age relations between pitchblende and other vein minerals may be due to the 
mechanism of its deposition. Pitchblende commonly forms botryoidal and 
spherulitic masses, this being one megascopic property by which it is distin- 








92 DONALD L. EVERHART AND ROBERT J. WRIGHT. 


guished from other varieties of uraninite. In several of the deposits described 
botryoidal pitchblende is cut by irregular fractures in which later vein minerals 
have been deposited. This characteristic botryoidal habit is commonly taken 
to indicate that pitchblende has formed by coagulation of a colloid, and the 
mineral-filled fractures that traverse pitchblende represent shrinkage cracks 
formed during desiccation of the gel. 

The coagulation of a colloid is largely dependent on the presence of a 
suitable electrolyte. Introduction of an electrolyte bearing a charge opposite 
to the charge of the particles in the solution causes neutralization of the 
colloid, destruction of the dispersive property of the colloid, and deposition. 
Thus, precipitation of a colloidal mineral is dependent primarily on the chem- 
istry rather than the temperature of the solution from which it is forming, 
although under certain conditions decline in temperature alone can cause 
coagulation of a colloid. Hence a colloidal mineral, such as pitchblende, can 
occupy a variable position in a mineral sequence (that may otherwise be) de- 
termined by the declining temperature of the parent ore solution. 

This is suggested as a mechanism that may partly explain the variable 
paragenetic position of pitchblende. 

Structural Relations—Most of the deposits under consideration are 
marked by relatively obvious structural control of pitchblende deposition. 
Open-space fissure filling is evidenced by such features as symmetrical band- 
ing of the vein matter, crystal lined vugs, open brecciated character of the 
veins, and the general lack of replacement. At Joachimsthal most production 
has been from the open “Midnight” veins which trend north across the schis- 
tosity. The “Morning” vein group, which parallels the schistosity, is largely 
lacking in pitchblende. Within the favorable “Midnight” group the open 
vertical portions of the veins are metalliferous, and in contrast the “flats,” 
which are tight and strongly brecciated, are generally barren. 

A similar control of mineralization by varying vein trends is indicated at 
Urgeirica. Most of the ore bodies here are within straight portions of the 
veins, where the initial controlling fissures were most open. In tight seg- 
ments, along some bends, ore bodies are lacking. At Lake Athabaska many 
of the larger deposits are located along the St. Louis fault, which is one of the 
major persistent structures of the district. The fault itself is not consistently 
mineralized; rather, the ores are commonly associated with small-scale sym- 
pathetic fractures. 

Only a few deposits show evidence of significant replacement. At Johann- 
georgenstadt, for example, the wall rock is reported to be impregnated in 
places with pitchblende and can be mined for a width of several meters on each 
side of the vein proper. 

Hematite Alteration—One of the most striking and persistent features 
of pitchblende veins is their commonvassociation with hematitic alteration. 
In some deposits the alteration has particularly affected the gangue minerals— 
calcite, dolomite, and jasper. Elsewhere, the wall rocks—granite, diabase, 
quartzite—are affected. In some deposits both gangue and wall rocks are 
altered. Uranium miners in the Erzgebirge long used reddish-brown platy 
vein dolomite as a guide to pitchblende ; away from the pitchblende concentra- 
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tions the dolomite is white. Wherever pitchblende is found in the Lake 
Athabaska district hematite is closely associated with it, both within the gangue 
material and within the country rock. The Montreal River and Coeur d’Alene 
deposits are characterized by red alteration in the country rock marginal to 
the pitchblende-bearing veins. Several of the Great Bear Lake veins are 
bordered by a band of red-stained gangue. 

The cause of such widely developed hematitic alteration is under investi- 
gation by a number of research workers. In a comparative study of the 
Colorado Front Range and Montreal River deposits, H. D. Wright (46) has 
noted that hematite staining is strongly developed in veins that carry limited 
pyrite and a predominance of calcite gangue. He suggests that the oxidizing 
action of carbon dioxide in mineralizing solutions, and the small amount of 
sulfur that could act as a reducing agent, may provide a partial explanation © 
for the abundance of hematite. 

The association of hematite stain with pitchblende is so sufficiently con- 
sistent that in nearly all of the districts described here, hematite staining is 
widely used by prospectors as a guide in the search for uranium deposits. 

Source Rocks.——In many localities a spacial relationship exists between 
pitchblende deposits and nearby granitic bodies of approximately the same age 
as the uranium mineralization. The Carrizal Alto, Colorado Front Range, 
Marysvale, Urgeirica and Wolsendorf veins are enclosed in igneous rock of 
felsic chemical composition. At several other localities, including Johann- 
georgenstadt, Great Bear Lake, and Wolsendorf, there are nearby granitic 
bodies. 

However, the relationship between uranium mineralization and adjacent 
granitic rocks may not be simple. For example, at Marysvale pitchblende has 
been identified in rhyolite that rests upon the monzonite, which is the host for 
the pitchblende veins. This has been interpreted as indicating that the pitch- 
blende may be appreciably younger than the monzonite that contains the 
uranium veins. 

On the other hand, the veins at Joachimsthal and Johanngeorgenstadt may 
have been derived from the nearby Eibenstock granite. The veins lie mostly 
within the flanking metasediments but also extend along strike into the 
granite. The granite itself carries pitchblende, both as an accessory mineral 
and also in the form of small veinlets. In the literature on ore deposits of the 
Erzgebirge the Eibenstock intrusive is commonly referred to as “uranium 
“granite” and is considered to be the source rock for the mineralizing solutions. 


CONCLUSIONS. 


From this consideration of representative pitchblende-bearing veins, several 
conclusions can be drawn: 


1. The ore bodies belong to two types. The nickel-cobalt-native silver 
ores contain a wide variety of metals, the gangue minerals are mostly car- 
bonates, and the host rocks are typically metasediments. In a second ore 
type (described here as the siliceous-pyrite-galena type) few metals other than 
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uranium are present, the gangue minerals are fluorite and various forms of 
silica, and the host rocks are felsic intrusives. 

2. At least three general epochs of uranium metallization can be recog- 
nized: (1) Precambrian, represented by deposits in Africa and the Canadian 
Shield, (2) Paleozoic represented by deposits in Europe, and (3) the late 
Mesozoic-Tertiary, represented by deposits in the Cordillera of North and 
South America. 

3. Pitchblende occupies a variable paragenetic position. One explana- 
tion of this relationship lies in the fact that pitchblende may be of colloidal 
origin, and its deposition may not directly depend upon temperature. 

4. Open fissures provide favorable loci for pitchblende deposition. 

5. One of the most persistent features of pitchblende deposits is accom- 
panying hematitic alteration of vein matter and wall rock. In some areas this 
association is so striking that hematite provides a guide in the discovery and 
development of uranium ore. 

6. In the Erzgebirge district the Eibenstock granite appears to have been 
the source of the deposits at Joachimsthal and Johanngeorgenstadt. Else- 
where, pitchblende veins occur in or near granitic bodies, but there is little 
evidence for a genetic relationship. 
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WATER SOLUBLE SALTS IN LIMESTONES AND 
DOLOMITES.* 


J. E. LAMAR AND RAYMOND S. SHRODE. 


ABSTRACT. 


Samples of representative Illinois limestones and dolomites were ground 
in distilled water and the amount of water-soluble salts in the resulting 
leaches was determined by chemical analysis and by weighing the leach 
solids resulting from evaporating the leaches. The dolomite leaches con- 
tained more soluble salts on an average than the limestone leaches and 
commonly contained the more Mg*+, HCOs-, and Cl-. The limestone 
leaches generally exceeded the dolomites in Ca*t and SO,-. X-ray dif- 
fraction data on the leach solids from the limestones showed that they 
are generally characterized by the presence of calcium sulfate, calcium 
carbonate and sodium chloride. Distinctive compounds of dolomite leach 
solids are magnesium chloride and basic magnesium carbonate; magnesium 
sulfate and potassium chloride are found more commonly than in limestone 
leach solids. 

The leaches from dolomites were generally slightly more basic than 
those from limestones. The calcium sulfate in the leaches may come 
largely from the solution of inter-crystal deposits of this compound, but the 
other salts probably come mostly or entirely from intra-crystal fluid in- 
clusions. These inclusions are smaller but more numerous in the dolomites 
than in the limestones. 

Conclusions regarding the occurrence of the water-soluble salts are 
based on a combination of evidence from thin sections, decrepitation tests, 
fetid limestone, and efflorescence data. 

Water soluble salts have potential economic significance in connection 
with lime-burning and the physical properties of lime, the uses of lime- 
stone and dolomite powders, and the durability of building stone. 


INTRODUCTION, 


The presence of water-soluble salts in limestones and dolomites has been 
recognized by some geologists and by certain commercial users of these rocks, 
but information is scanty regarding the amount and character of such salts. 
Most attention has been given to the subject in connection with the efflorescence 
of building stone. Kessler and Sligh* report that the efflorescence leached 
from blocks of limestone with pure water was mainly calcium and magnesium 
sulfates. Schaffer ? found that the water-soluble materials in the “florescence” 
resulting from the weathering of a magnesium limestone consisted of 50 per- 


* Published by permission of the Chief, Illinois State Geological Survey. 

1 Kessler, D. W., and Sligh, W. H., Physical properties of the principal commercial lime- 
stones used for building construction in the United States: U. S. Bur. Standards, Tech. Paper, 
vol. 21, No. 349, p. 542, 1927. 

2 Schaffer, R. J., The weathering of natural building stones, Dept. of Scientific and In- 
dustrial Research, Building Research, Special Report No. 18, p. 60 (British). 1932. 
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cent calcium sulfate and 11 percent magnesium sulfate. Anderegg and Peffer ® 
percolated water through granulated “Indiana limestone” and found traces of 
calcium sulfate and magnesium sulfate in the leach. Warnes‘ records the 
presence of traces of chlorides and sulfates in the efflorescence of limestones. 
Krotov ® states that the presence of sodium chloride in dolomites has been 
“verified by many tests.” Berg ® reports the presence of small amounts of 
chlorides in dolomites, de Quervain’ cites the effects of soluble chlorides and 
sulfates on building stones, and Dahlblom * mentions the occurrence of liquids 
composed of sodium chloride and calcium chloride in otherwise dry rocks, 
though he does not specify that the rocks are limestones or dolomites. 

This paper gives the results of an exploratory investigation of water- 
soluble salts in calcareous rocks and deals with a representative group of Illinois 
limestones and dolomites. It is concerned primarily with the amount of 
soluble salts, their chemical composition, and their mode of occurrence. The 
constancy of these three factors with respect to lateral variation in a given 
stratum, vertical variation in a given deposit or geologic formation, and varia- 
tion between geologic formations of different ages was investigated only briefly 
and is being studied further. 


PROCEDURE, 


Preliminary consideration of possible modes of occurrence of water-soluble 
salts in dry samples suggested that they might occur as solids either in pores 
or between or within the crystals of the limestone or dolomite, as fluid in- 
clusions within the crystals of the rocks, or as both. Because leaching of the 
soluble salts in the laboratory by percolating water through samples appeared 
likely to be a very slow operation, the following procedure was adopted : 600- 
gram samples of minus 10-mesh stone were ground for 12 hours in 1,500 cc 
of boiled distilled water in a ball mill jar charged with 2,500 grams of 3/4 inch 
flint pebbles. The jar was rotated for 12 hours at a rate of 45 rpm. The 
liquid and solid portions of the resulting slurry were separated by filtration. 
The liquid is referred to as the “leach,” and the solids resulting when the leach 
was evaporated to dryness as the “leach solids.” Some of the leach was 
analyzed chemically and some was evaporated to dryness to yield leach solids 
that were cooled in a desiccator and weighed immediately on removal from the 
desiccator. Later the leach solids were examined by x-ray. 

The above procedure fails to give full weight to the fact that some of the 
samples yielded finer powders than others during the 12-hour grinding period, 

8 Anderegg, F. O., and Peffer, H. C., Indiana limestone—I, Efflorescence and staining: 
Purdue Univ. Eng. Exp. Station, Bull. 33, p. 17-18, 1928. 

4 Warnes, A. R., Building stones, their properties, decay and preservation: London, p. 189, 
1926. 

5 Krotov, B. P., The necessity of a physiochemical study of the reaction 2CaCO, + MgSO,= 
CaCO,-MgCO, +CaSO,: Univ. of Kassan, Ann. inst. anal. phys.-chim. (Leningrad), vol. 3, pp. 
662-682 ; Chem. zentr. 1927, II, p. 2659-60: Chem. Abs. vol. 22, 1928, p. 4417. 

6 Berg, L. G., Influence of salt admixtures upon dissociation of dolomite: Comptes Rendus 
(Doklady) de 1’Academie des Sciences di 1’ U.R.S.S., vol. 38, no. 1, 1943, p. 26. 

7 de Quervain, F., The effects of weathering on building stones: Mitt. naturforsch, Ges. Bern 


8, Sitzber. V-VI, 1951. 
8 Dahlblom, Th., The permeability of rocks: Economic Grorocy, vol. XIX, 1924, p. 390. 
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and thus might be expected to give up a larger percentage of their soluble salts. 
Experiments indicate that this is the case and that grinding for more than 12 
hours probably would release additional salts from most or all of the samples. 
Limited data suggest that the amount of salts released by additional grinding 
is usually comparatively small, and that the salts are similar to those freed dur- 
ing the 12-hour period. No correlation was found between the fineness of the 
powders from different samples at the end of the 12-hour grinding period and 
the amount of soluble salts. The 12-hour period was chosen as one of 
convenient duration giving reasonably duplicable results. 

Checks of the method to determine duplicability of results on the same 
sample indicate a maximum variation of about +15 percent. Two samples 
from the same bed and 300 feet apart showed a maximum variation of 20 
percent. In terms of actual weight of leach solid, these variations are small. 

Although the leaching procedure described above was deemed adequate for 
this exploratory study, a more accurate method for recovering the water- 
soluble salts from calcareous rocks is desirable and is being developed for use 
in future investigations. 


TABLE 1. 


SAMPLE DATA AND PERCENTAGE OF LEACH SOLIDS. 
































: Leach || Leach 
—— Formation < > Braet Formation “10, 
| percent percent 
Pennsylvanian Devonian 
29 Livingston limestone (1) .048 15 Wapsipinicon limestone (1) .045 
28 LaSalle limestone (1) .050 14 Grand Tower limestone (2) .045 
27 Brereton limestone (1)(4) .275 13 Bailey limestone (1)(5) .085 
Mississippian (upper) Silurian 
26 Kinkaid limestone (1) .068 12 Racine dolomite (2) (4) .330 
25 Glen Dean limestone (2) 115 11 Racine dolomite (2)(8)(9) .219 
24 Okaw limestone (2) .105 10 Racine dolomite (2) (9) .323 
9 Racine dolomite (1) (8) .195 
Mississippian (lower) 
23 Ste. Genevieve limestone Ordovician 
(3) (6)(7) .070 8 Kimmswick limestone (3)(8) | .320 
22 Ste. Genevieve limestone 7 Kimmswick limestone (3)(8) | .128 
(1) (6)(7) .070 6 Galena dolomite (2) .155 
21 St. Louis limestone (1) .050 5 Galena dolomite (2) 175 
20 Salem limestone (2) (6) .038 4 Platteville dolomite (2) .203 
19 Salem limestone (2) .065 3 Shakopee dolomite (1) (5) .156 
18 Salem limestone (2) .098 2 Oneota dolomite (2) .220 
17 Burlington limestone (3) (7) .080 
16 Burlington limestone (1)(7) .058 Cambrian 
1 Trempealeau dolomite (2) .123 
(1) Fine-grained. (7) From vertically adjacent beds of same formation. 
(2) Medium-grained. (8) Samples 9 and 11 are from the same dolomite deposit; samples 7 
(3) Coarse-grained. and 8 are from the same limestone deposit. All other samples 
(4) Impure. are from well separated deposits except those marked (7). 
(5) Siliceous. (9) Reef type dolomite. 


(6) Oolite. (10) Weight percent of original rock sample. 
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SAMPLES. 


The samples studied include rock from most of the principal limestone and 
dolomite formations exposed in IIlinois. Geologic data are given in Table I. 
All samples were fresh rock from quarries, mines, or roadcuts, throughout 
the state. 

TABLE 2. 


WATER-SOLUBLE SALTS IN WEIGHT PERCENT OF ROcK.}:? 














: Chemical analyses of leaches—% 
Sample 
am Total 
Catt Mgtt Nat Kt HCOs~ SO." ci- 
27 .031 .017 .009 .008 .019 .132 .007 .223 
26 .009 .003 -004 .003 .023 .016 .005 .063 
24 .016 .003 .009 .002 .016 .039 011 .096 
23 .007 .000 .009 .002 .009 .008 .017 .052 
22 011 .001 .005 .002 .008 .022 .008 .057 
21 .009 .000 .004 .002 -008 .009 .003 .035 
18 .015 Ft. .015 -002 .008 .016 .027 .083 
17 .012 .000 015 .002 .008 .004 .030 .071 
16 .005 .001 .008 .002 O11 .001 .015 .043 
15 .009 .000 .004 .001 .015 .010 .003 .042 
13 .007 .004 .004 .006 .033 .012 .004 .070 
35° .004 .034 .016 .004 .035 .006 .100 .199 
a .004 .031 .007 .005 .059 .040 .041 .187 
8 .062 .012 .007 .002 .008 .184 O11 .286 
6* .002 .021 .015 .003 .057 .006 .039 .143 
4* .006 .027 .009 .006 .039 .077 .025 -189 
$° .007 .024 .009 .004 |} .066 .024 .023 .157 
ty .004 .027 .024 .004 .046 .036 .063 .204 
2° .003 .016 .012 -002 .058 .008 .024 .123 
Average, 
limestones .017 -003 .008 .003 .014 .038 .012 .093 
Average, 
dolomites .004 .026 .013 -004 051 .028] .045 172 
































1 Analyses by L. D. McVicker, Chemist, Analytical Division, Geochemical Section, Illinois 
State Geological Survey. 

? The chemical composition of the leaches in parts per million can be found by multiplying 
the data in this table by 4,000. The accepted solubility of calcite in COz free water would give 
rise to about 6 ppm of Cat*. 

* Dolomite. 


RESULTS OF TESTS. 


Table 1 shows the amount of leach solids, in terms of percent by weight 
of the original rock sample, obtained from 29 samples. Chemical analyses for 
the leaches from 19 of the samples listed are given in Table 2. 
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SIGNIFICANCE OF LEACH SOLID AND CHEMICAL DATA, 


The totals of the chemical analyses of the leaches of the samples (Table 2) 
are commonly smaller than the weight of the leach solids for the same samples. 
X-ray data, given later, suggest that the ions determined in the chemical 
analyses are the principal ones in the leaches and that some of the substances 
in the leach solids contain considerable amounts of water of crystallization. 
Because it is not known how much water, if any, was chemically combined with 
those water-soluble salts which may have occurred naturally as solids, neither 
the leach solid data nor the chemical data give a necessarily exact figure on 
the weight percent of soluble salts in the natural rocks. Probably the leach- 
solid data give an approximate figure on water-soluble salt content; the total 
of the chemical analyses appears likely to be nearer to the true anhydrous 
value. 


TABLE 3. 


X-RAY DaTA ON LEACH SOLIDS; IN PROPORTIONAL Parts.ft 














Sample no. | CaCOs MeOH CaSO. MgSO. NaCl KCl Other 
29 1 _ 1 ans 1 = — 
27 <1 a 2 2 <1 ae re 
26 2 _ 2 1 ee = 
24 <1 a 2 1 2 ae as 
23 1 oe 2 fas 3 ? ee 
22 <1 = 2 B= 1 _ _ 
21 2 mene <2 — 1 ae ot 
20 1 ba 1 eS 2 ~ tan 
18 <1 = 2 oe 3 = a 
17 <1 _ <1 ome 3 ? = 
16 <1 = mas nak 2 <1 = 
13 1 = _ = 1 = a 
12* — = =o 1 Ao a — 
11* <1 2 wee = 1 ca MgCl:—4 

9* 2 2 _ = 1 <1 con 
8 : dans 10 = 1 = mt 
6* = 2 aa — 2 ans a 
5* — 2 a -< 2 <1 a? 
4* <1 os te 4 2 cms 
3* <1? 2 _ 2 2 <1 = 
2* —- 1 —- — 2 <1 a? 
1* <1 2 — ae 2 wns 





























a Unidentified substance in recognizable quantity. 

? Presence probable but not certain. 

* Dolomite. 

+ The actual hydration state in which hydrous components existed in the individual leach 
solid samples is omitted from this tabulation. 

t X-ray identifications reported in this table and at other places in this paper were made by 
Dr. W. F. Bradley, Chemist and Head, Division of X-ray, Geochemical Section, Illinois State 
Geological Survey. 
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The chemical analyses of the leaches reveal the presence of an appreciable 
amount of carbonate ion, which was analytically determined as HCO,. Some 
of this bicarbonate may have been present in the rock samples, but it is thought 
more likely that some calcite and dolomite of the samples themselves may have 
been dissolved by CO, in the water used to process the samples, even though 
boiled distilled water, presumably containing little CO,, was used. 


X-RAY DATA, 


Results of x-ray diffraction studies of the leach solids from most of the 
samples listed in Table 1 are given in Table 3. The compounds indicated are 
the major components of the leach solids, as only in favorable cases can a 
minimum of 5 percent of a substance be recognized by the x-ray procedures 
used. Calcium chloride probably was present in a number of the leach-solid 
samples but because the samples were not protected from atmospheric mois- 
ture, the chloride doubtless hydrated and became fluid and thus was not found 
by the diffraction procedure. 


EVALUATION OF RESULTS OF TESTS. 


Chemical and X-ray Data.—The chemical data given in Table 2 are sum- 
marized in Tables 4 and 5. The limestone leaches generally contain more 
calcium and sulfate ion than the dolomite leaches. Dolomite leaches com- 
monly have more magnesium, bicarbonate and chloride ion than the limestone 
leaches. Potassium and sodium are about the same in both types of rock. 
The amount of total water-soluble salts, as shown by chemical analysis and by 
leach solids, is greater for dolomites than for limestones; but the range in 
values is greater for limestones. The amount of probable water of crystalliza- 
tion in the leach solids and of compounds not determined in the chemical 
analyses is a little greater in limestones than dolomites as is also the range in 
amounts. . 


The x-ray data (Table 3) indicate that the leach solids of limestones usually 


























TABLE 4. 
SUMMARY OF LEACH ANALYSIS DATA. 
Limestone Dolomite 
Max. | Min. | Avg. Max. | Min. | Avg. 
Weight percent of rock Weight percent of rock 
Cat* -062 .005 .017 .007 .002 .004 
Mgtt .012 .000 .003 .034 .016 .026 
Nat .015 .004 .008 .024 .007 .013 
K* .008 001 .003 .006 -002 .004 
HCO;- .033 .008 .014 -066 .035 .050 
SO.-- .184 .001 .038 .077 -006 .028 
oo -030 .003 012 .100 .023 .045 
































WATER-SOLUBLE SALTS IN LIMESTONES AND DOLOMITES. 103 


TABLE 5. 


SUMMARY OF PERCENTAGE COMPOSITION OF LEACHES IN TERMS OF TOTAL IONS 
REPORTED IN CHEMICAL ANALYSES. 





























Limestone Dolomite 
Max. | Min. | Avg. Max. | Min. | Avg. 
Percent Percent 
Ca*t 26 10 17 4 1 2 
Mgtt 8 0 3 17 13 15 
Nat 21 2 10 12 4 8 
Kt 9 1 4 3 2 2 
HCO;~ 46 3 21 46 17 31 
on 64 2 30 41 3 17 
. 42 3 15 $1 13 25 














contain calcium sulfate, calcium carbonate, and sodium chloride. Leach solids 
of dolomites characteristically contain basic magnesium carbonate, and a more 
common presence of magnesium sulfate and potassium chloride. They also 
contain sodium chloride and calcium carbonate. 

Grain Size and Amount of Soluble Salts——In general the amount of 
leach solids increases with the grain size of the limestone samples, excluding 
impure limestones, although there are some exceptions (Tables 1, 2). The 
average weight percent of leach solids from seven fine-grained limestones was 
0.056 percent, from six medium-grained samples 0.078 percent and from four 
coarse-grained samples 0.150 percent. The chemical analysis totals show the 
same relation between fine- and medium-grained limestones, but the data on 
the coarse-grained samples resemble those of the fine-grained limestones. 

The grain size of the dolomites did not vary enough to allow conclusions 
regarding the relation between grain size and the amount of water-soluble salts. 

Relation Between Amount of Leach Solids and Chemical Data.—The re- 
lation between the weight percent of leach solids and the weight percent of 
water-soluble salts indicated by the totals of the chemical analyses is of in- 
terest as the latter data are probably somewhat more exact because they do not 
involve water of crystallization. Comparison of data on the foregoing in 
Tables 1 and 2 shows that the weights of the components of the leaches, as 
indicated by the totals of the chemical analyses, are with one exception smaller 
than the amount of leach solids. For the limestone samples, weights obtained 
by chemical analysis range from 70 to 90 percent of the weights of the leach 
solids and average 85 percent. The range for the dolomites is 92 to 100 
percent, and the average is 94 percent. 

Water-soluble Salts and Geologic Age——There is no consistent relation- 
ship between the amount or kind of water-soluble salts and the geologic age 
of the samples studied which cannot be ascribed to the mineralogic character 
of the samples. 
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HYDROGEN ION CONCENTRATION OF LEACHES. 


The hydrogen ion concentration of the leaches from all samples listed in 
Table 1 was determined with an electric pH meter. The average pH of the 
limestone leaches was 7.9 with a range between 7.0 and 8.3. For dolomite 
leaches the average was 8.46 and the range 8.05 to 8.74. The data show that 
the leaches from the limestones were generally somewhat less basic than those 
from the dolomites, but some limestone and dolomite leaches were equally 
basic. 


HYDROGEN SULFIDE IN LIMESTONES. 


A few of the gray or dark gray limestones studied gave off a “fetid” or 
“oily” odor when they were crushed or broken. This phenomenon is relatively 
common to many Illinois gray or dark gray limestones that contain dark 
organic material, particularly those of Mississippian age, but it has not been 
observed in Illinois dolomites, most of which are light-colored. The fetid odor 
is also noticeable when limestone samples are treated with hydrochloric acid. 
Hydrogen sulfide was recognized as a component of the fetid odor. Because 
of its possible relation to the formation of water-soluble sulfates in limestones, 
a limited number of determinations were made of the amount of gas evolved 
when 1/2- to 1-inch pieces of the following samples were dissolved in hydro- 
chloric acid. 


Sample number Weight percent H2S 
26. (Kinkaid limestone) .002 
25. (Glen Dean limestone) .002 
24. (Okaw limestone) Trace 
18. (Salem limestone) .003 
11. (Racine dolomite) .000 
(Ste. Genevieve oolite) .012 


The Ste. Genevieve oolite sample was almost black and was not tested for 
water-soluble salts. It was included because it gave a very strong fetid odor 
when broken. The Racine dolomite did not give off a fetid odor and was in- 
cluded for comparison. 

Calcite which gives off the odor of hydrogen sulfide when broken has been 
called “fetid calcite” or “Stinkkalk,” and the sulfide is said to be released from 
fluid inclusions.® Lucas *° ascribes the odor of foul smelling limestones to “a 
water soluble ammoniacal salt of a volatile acid, containing phosphorous but 
no sulfur,” probably trapped in the calcite crystals. 


PHYSICAL OCCURRENCE OF WATER-SOLUBLE SALTS. 


Evidence on the physical mode of occurrence of the water-soluble salts is 
partly inferred. The general conclusion is that much of the calcium and sulfate 
(excluding calcium dissolved from calcite and dolomite) probably occurs as 


® Palache, Chas., et al., Dana’s System of Mineralogy, 7th ed., Vol. II, p. 153, 1951. 

10 Lucas, Gabriel, Preliminary results of a study of the odorous products of foul-smelling 
limestones : Compt, rend., vol. 234, pp. 121-123, 1952. Quotation from Chem. Abs., vol. 46, No. 
9, May 10, 1952, 3920. 
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intergranular solid calcium sulfate with magnesium sulfate possibly occurring 
in the same manner. However, the sodium, potassium, and chlorides, to- 
gether with some calcium, magnesium, and sulfate, are probably present 
primarily in solution in intragranular fluid inclusions. The bases for these 
conclusions follow. 

Thin Sections.—Microscopic examination, with up to 1,500 times magnifi- 
cation, of thin sections of 19 of the limestones and dolomites otherwise investi- 
gated revealed the presence of numerous inclusions (Fig. 1). They could also 
be seen in minute fragments of the rocks. The inclusions are transparent and 
contain no recognizable vacuoles; whether they were fluid or gaseous could 
not be determined by inspection. They are not solid, judging from the ab- 
sence of specks or cleavage lines in them. No inclusions were observed whose 
walls were lined with crystals such as might result from the evaporation of a 





Fic. 1. Fluid inclusions in a thin section of Kimmswick limestone (left) and of 
Oneota dolomite (right). About 875 x. 


liquid. Data regarding the approximate size and abundance of the inclusions 
which could be identified with reasonable certainty are given in Table 6. It 
is to be noted that dolomites commonly contain a greater number of inclusions 
than limestones, but the inclusions are slightly smaller. 

No crystals of gypsum, anhydrite, or halite, whose presence might possibly 
be expected from the soluble salt data, were noted in the thin sections. Be- 
cause the thin sections were ground in water, such minerals might have dis- 
solved in the process, but the sections had no holes showing the outlines of 
crystals of these minerals. Some sections were purposely left relatively thick 
in hope of protecting from solution any highly soluble minerals that might be 
present, but no such minerals were observed in the thick sections. 

Decrepitation.—Differential thermal analysis apparatus was used in sev- 
eral unsuccessful attempts to determine whether a number of the samples gave 
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off water at temperatures above 110°. There were no significant anomalies, 
but a number of grains of some of the samples jumped out of the container block 
of the thermal analysis apparatus during the heating. As this phenomenon 
could have been caused by the explosion of water-filled inclusions, or possibly 
gas-filled inclusions, it was investigated further. 

On a 51%-inch diameter round flat porcelain plate, concentric circles were 
drawn with radii of 4%, 1, 144, and 2 inches from the center. Four sectors, 
lying at 90 degrees to each other, were also drawn with a 1-inch chord on the 
rim of the plate. A small conical pile of limestone or dolomite grains was 


TABLE 6. 
ESTIMATE OF NUMBER AND SIZE OF INCLUSIONS TWO MICRONS OR MORE IN DIAMETER. 
Number 
per 400 square Common diameter 
Sample microns —microns 
27. Brereton limestone 2 2 
26. Kinkaid limestone 3 2 
24. Okaw limestone 4 3 
23. Ste. Genevieve limestone, coarse grained 4 3 
22. Ste. Genevieve limestone, fine grained 5 3 
21. St. Louis limestone* 
18. Salem limestone 5 3 
17. Burlington limestone, coarse grained 3 3 
16. Burlington limestone, fine grained 6 3 
15. Wapsipinicon limestone* 
13. Bailey limestone 1 2 
11. Niagaran dolomite, medium grained 7 2 
9. Niagaran dolomite, fine grained 7 2 
8. Kimmswick limestone 6 2 and 4 
6. Galena dolomite 5 3 
4. McGregor dolomite 6 3 
3. Shakopee dolomite 2 2 
2. Oneota dolomite 7 2 
1. Trempealeau dolomite 6 2 
Avg. limestones 3.9 2.8 
Avg. dolomites $.7 2.3 


* Inclusions present but too minute to measure or count. 


formed in the center of the plate by filling and then gently lifting from the 
plate a small paper cylinder having a volume of .35 cc and holding .4 grams of 
60 by 65 mesh limestone particles. The plate was then heated in an electric 
oven to 500° C in 45 minutes. After decrepitation the number of grains within 
two of the opposing sectors was tabulated according to whether they lay be- 
tween the 1/2 and 1-inch circles, the 1-inch and 1 1/2-inch circles, etc. After 
heating, the central pile of particles showed small crater-like pits, in varying 
degrees, apparently caused by the sudden decrepitation of a grain or grains. 
The abundance of these pits and the amount of flattening of the pile were also 
noted. 
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To determine whether fluid inclusions could produce the decrepitation 
mentioned above, a sample of Iceland spar from a dike-like vein ™ at Taos, 
New Mexico, was separated by microscopic examination into chips containing 
no inclusions and those containing readily evident fluid-filled inclusions. Sixty 
by 65 mesh fractions were prepared from each and were heated on porcelain 
plates. The central pile of inclusion-free spar remained unchanged ; a number 
of grains were scattered from the pile of spar that contained inclusions. A 
sample of fluorspar of similar sieve size prepared from crystals lining a cavity 
and known to contain fluid inclusions was heated and a scattering of grains 
likewise occurred. 

Sixty by 65 mesh samples prepared from calcite crystals growing in open 
cavities and from multigranular travertine formed in an open cavity, both from 
Illinois limestone deposits, were also heated. Scattering of grains from the 
central piles occurred in both cases but was the more marked for the travertine 
(Table 7). 

From the foregoing experiments it was concluded that fluid inclusions could 
cause limestone and dolomite grains to scatter by decrepitation. The fact 
that travertine and crystals from cavity linings decrepitate probably eliminates 
as a cause of decrepitation possible stresses set up in the limestones or dolomites 
during burial by other sediments. It is unlikely that the inclusions are gaseous 
because limestones and dolomites are formed in water and because the pressure 
increase set up by gaseous inclusions under the conditions of the decrepitation 
tests would be roughly only twice atmospheric pressure. This does not appear 
to be adequate to cause the observed decrepitation. 

One further factor is involved in determining the significance of the 
decrepitation of the limestone and dolomite grains, namely the decrepitation of 
coarsely crystalline calcite, and presumably dolomite, resulting from their dif- 
ferential thermal expansion when heated. Frankel ‘* experimented with crys- 
talline calcite from a fissure vein and found that pieces of the calcite passing 
through a 3/8-inch screen did not decrepitate to “any marked degree” when 
heated to 400° C, but that larger pieces decrepitated “with violence.” He as- 
cribes decrepitation to the “great difference in thermal expansion along dif- 
ferent directions in the crystal.” 

To what extent differential thermal expansion produced decrepitation of 
the limestone and dolomite grains of this study is uncertain but it is believed 
to be minor. As mentioned above, inclusion-free 60 by 65 mesh Iceland spar 
did not decrepitate, and Frankel’s work suggests that decrepitation due to ther- 
mal expansion is primarily a phenomenon of coarse particles. 

In further studies of limestones, samples were crushed and sieved to various 
particle sizes, and the sieve separates were heated to determine whether they 
would decrepitate and therefore might be judged to contain fluid inclusions. 
Results are given in Table 7 with the number of scattered grains calculated in 
“grains per square inch” for purposes of comparison. The 60 by 65 mesh 

11 Kelley, V. C., Iceland Spar in New Mexico: American Mineralogist, vol. 25, no. 3, p. 359, 
May 17, 1940. 


12 Frankel, J. J., The burning of coarsely crystalline calcite: Dept. of Mines, Union of S. 
Africa, Bull. 2, 1937, pp. 1-4. 
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particles of Oneota dolomite, sample 2, gave the maximum decyrepitation of all 
samples on which leach data were determined ; the central pile completely dis- 
appeared and the dolomite particles were scattered throughout the oven. No 
significant grain count could be made. 

A 60 by 65 mesh fraction obtained by screening dolomite sand formed by 
natural disintegration of a high purity dolomite near Spring Hill, Illinois, into 
its component crystal particles was also tested to determine whether the agent 
causing decrepitation was inter- or intra-granular. It gave the greatest de- 
crepitation of any of the samples, suggesting that an intra-granular agent was 
responsible. 

The data in Table 7 regarding limestones, samples 21, 27, 8, and 17, suggest 
that coarsely crystalline limestones decrepitate more than finely crystalline rock, 
and that impure limestones probably decrepitate only slightly. The same re- 
lation between grain size and the decrepitation of dolomites seems to hold. 
No well demonstrated relationship is shown between the amount of soluble 
salts, as indicated by the totals of the chemical analyses of the leaches, and the 
degree of decrepitation. 

Table 7 also gives data on the amount of decrepitation resulting when 
various-sized particles of Kimmswick limestone and Oneota dolomite were 
heated. The 14 by 20 mesh (1.68 by .833 mm) fraction and the 60 by 65 
mesh (2.46 by 2.08 mm) fraction of the Oneota dolomite decrepitated to such 
an extent that the central pile was destroyed and the grains scattered about the 
oven. The 100 by 150 mesh (.147 by .104 mm) fraction scattered notably but 
remained largely on the porcelain plate. The 270 by 325 mesh (.053 by .044 
mm) fraction scattered only slightly. The Kimmswick limestone tests showed 
the same general trend, with amount of decrepitation greatest in the 60 by 65 
mesh fraction and no scattering of the 270 by 325 mesh grains. 

The reasons for the foregoing are not fully understood. The fine grinding 
in preparing the 270 by 325 mesh fraction may have set up strains in the lime- 
stone and dolomite grains which allowed relatively easy escape of water vapor 
when the samples were heated. Or the small particles may have too little 
resistance to disruption to decrepitate violently. There appears to be an 
optimum relation between particle size and amount of grain scattering. This 
optimum is around 60 by 65 mesh for both the Kimmswick and Oneota samples. 

Examination, after heating, of some of the samples disclosed that many of 
the particles displaced from the central pile were cracked, although still intact. 
Also numerous small cleavage blocks or flakes had been produced from the 
medium or coarsely crystalline samples. Many of these particles were badly 
cracked and some had small surficial pits which looked as though they had been 
formed by explosion of inclusions. 

Some data on the temperatures at which maximum decrepitation occurred 
were obtained by periodic inspection of the samples during heating. A range 
of 325 and 425° C was indicated. These temperatures are considerably above 
the probable formation temperature of the limestones and dolomites from which 
the samples were prepared and the discrepancy suggests that the data are 
unreliable in this connection. A similar anomalous condition was found by 
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Peach for the decrepitation temperature of pegmatite calcite.* The sample of 
fluorspar mentioned above gave maximum decrepitation at about 325° C as 
against formation temperatures of 80 to 100° C which were determined by tests 
involving the temperatures of the disappearance of vacuoles." 

On the assumption that decrepitation is caused by fluid inclusions, the 
following experiment was carried out to determine the composition of the in- 
clusions. A sample of Oneota dolomite was ground to 20 by 100 mesh and 
washed for 10 minutes with distilled water and then dried. It was then put 
through the decrepitation procedure and leached with distilled water for 10 
minutes. The leach solids from this operation proved upon x-ray examination 
to be principally NaCl and CaSQ, in about equal amounts. This suggests 
that both these salts came from inclusions. 

A further experiment was made in an attempt to localize the sulfates. 
Seventy-five gram samples of 20 by 65, 65 by 150 and minus 150 mesh Oneota 
dolomite and of 20 by 65 and 65 by 150 mesh Kimmswick limestone were allowed 
to soak for 7 days in distilled water, which was changed daily. Two hundred cc 
of water were used on the seventh day, and 1,000 cc were used before that. 
The seventh-day waters were tested for sulfates with BaCl, and found to con- 
tain none. The samples were then dried and decrepitated. Thereafter they 
were again soaked in 200 cc of distilled water. This was then tested for 
sulfate, which was found in the water of all samples. The amount of sulfate 
in the leach water from the 20 by 65 mesh fractions of both the Oneota and 
Kimmswick was a little larger than the amount from the 65 by 150 mesh frac- 
tions, but the amount from the minus 150 mesh Oneota dolomite is estimated 
to have been roughly 5 times greater than that from the coarser fractions of 
the Oneota. 

Several interpretations of the above data are possible, but if the seven-day 
washing of the samples removed all or most of the intergrain sulfate, as seems 
especially likely in the case of the minus 150 mesh powder, then it follows that 
the sulfate in the leaches after decrepitation was derived mainly from fluid in- 
clusions which were disrupted during heating. 

Fetid Limestone—As mentioned above, the odor of fetid calcite has been 
ascribed to liquid inclusions containing hydrogen sulfide. The fetid odor of 
some of the limestones studied in this investigation therefore seems logically 
ascribable at least in part to the presence of fluid inclusions. 

E fflorescence—The presence in building stone of salts that will produce 
efflorescence may often be detected by immersing the lower part of a piece of 
the stone in distilled water, so that the water can work up through the specimen 
and evaporate at its upper surface where the efflorescence accumulates. This 
test was made on samples 5, 8, 15, 17, 18, 22, and 26. All these samples ex- 
cept sample 26 yielded some, though mostly very little, efflorescence. The 
character of the efflorescences as revealed by x-ray diffraction studies was as 
follows : 


13 Peach, P. A., Geothermometry of some pegmatite minerals of Iola, Ontario: Jour. Geol., 
vol. 59, no. 1, pp. 35-37, Jan. 1951. 

14 Grogan, R. M., and Shrode, R. S., Formation temperatures of southern Illinois fluorite as 
determined from fluid inclusions: Amer. Mineralogist, vol. 37, pp. 555-566, 1952. 
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Sample 5, Galena dolomite, calcium sulfate sub-hydrate, 

Sample 8, Kimmswick limestone, gypsum, 

Sample 15, Wapsipinicon limestone, calcite, dolomite and gypsum, 
Sample 17, Burlington limestone, sodium chloride, 

Sample 18, Salem limestone, calcium sulfate sub-hydrate, 

Sample 22, Ste. Genevieve oolite, gypsum. 


Some of the writers mentioned at the beginning of this paper found calcium 
and magnesium sulfates to be the principle components of the natural and 
experimental efflorescences of limestones ; traces of chlorides were recorded in 
some. 

The foregoing suggests that the sulfates in the samples studied were, in 
part at least, lodged along the water-permeable avenues of the stone (that is in 
pores or between crystals), and in dry specimens occur as solids. Conversely, 
as chloride was found in the efflorescence of only one sample, it seems probable 
that chlorides generally occur within the crystals where they are relatively in- 
accessible to the water. 

Dolomite Sand.—The weathered surfaces of an exposure of very pure 
Racine formation reef-type dolomite in a quarry near Spring Hill, Illinois, are 
coated with 4 or 5 inches of loosely cemented, cream-colored dolomite sand 
weathered from the parent dolomite. A sample of the sand and a sample of 
the solid fresh parent dolomite were obtained. The sand sample, after 
thorough washing in distilled water to remove adhering substances, and the 
solid dolomite sample were leached by the procedure outlined above. The 
amounts of leach.solids obtained from the samples were practically identical, 
suggesting that no great amount of water-soluble salts were held between the 
crystals of the solid dolomite and indicating that leach solids in the amount 
of 0.17 percent were derived largely or entirely from within the crystals of the 
dolomite sand. 

X-ray data on the leach solids from the two samples were essentially the 
same. Only a small quantity of calcium sulfate was present. This is another 
line of evidence suggesting that the bulk of the water-soluble salts, excluding 
calcium sulfate, is contained within crystals. 


ECONOMIC SIGNIFICANCE, 


The presence, amount, and probable mode of occurrence of soluble salts 
in limestones and dolomites bear on a number of commercial uses. Though 
the weight percent of the water-soluble salts is small, the figures.assume new 
meaning when converted to pounds per ton. Thus 0.2 percent would be equiv- 
alent to 4 pounds per ton or about 8 pounds per cubic yard. Obviously the 
salts will influence efflorescence and possibly the durability of building stone. 
Likewise they may well affect the hydrogen ion concentration of aqueous or 
other suspensions of limestone or dolomite powders, and may influence the 
character of mixtures such as putty. Some leach solids were observed to be 
sticky, especially in humid weather, presumably owing to the absorption of 
moisture. This characteristic may possibly tend to cause coating of the linings 
and balls of mills used to pulverize limestones or dolomites and might influence 
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the “flowability” of limestone and dolomite powders. As little as .10 percent 
of sodium chloride, and probably other chlorides, has been shown to modify the 
thermal decomposition characteristics of dolomites '* and the salts thus may 
bear on the properties of these rocks during burning to lime. Lime burned 
with salt is said to slake better than that burned without salt.*° The abundance 
and size of inclusions may likewise have an influence on the lime-making char- 
acteristics of limestone or dolomite and on the physical structure of burned 
lime. Water-soluble salts and the H,S content of fetid limestones likewise 
merit consideration as possibly affecting the formation or localization of ore 
deposits. 
ILLINOIS GEOLOGICAL SURVEY, 


URBANA, ILL., 
Dec. 22, 1952. 


15 Graf, Donald F., personal communication and Preliminary report on the variations in 
differential thermal curves of low-iron dolomite: American Mineralogist, vol. 37, nos. 1 and 2, 
pp. 1-27, jan.-Feb, 1952. 

16 Ohno, Y., and Matsouka, Limestone, lime and slaked lime: II.: Jour. Ceram. Assn. Japan, 
vol. 59, no. 662, pp. 341-46, 1951. Cer. Abs., vol. 35, no. 1, p. 2, Jan. 1952. 
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ABSTRACT. 


Studies on the solubility of lead sulfide in H2S saturated saline solu- 
tions at various acidities were carried out. The investigation was under- 
taken in response to scarcity of data available on heavy metal sulfide 
solubilities under conditions important geologically. 

Lead sulfide was chosen as the material to be studied because recent 
metallurgical findings indicate erroneous and misleading solubility values 
for this substance as reported in the geological and chemical literature 
to date. 

Lead was found to be present to the extent of approximately 10~* 
grams per liter at pH values 1 through 8. This is considerably in excess 
of the concentration predicted on the basis of the solubility product. 
The concentration curve indicates the existence of Pb(HS)s and possibly 
Pb(HS)3~ complexes. On the basis of these results a possible mechanism 
is suggested for the transportation and deposition of lead sulfide from 
mineralizing solutions. Concentration of the complexes increases with 
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increase in concentration of bivalent sulfur and decreases at pH values 
above 7. These two factors would thus be major controls of galena 
mineralization, with temperature and composition of solutions probably 
having further important influence. The results of this study parallel 
previous findings for complexes of copper, mercury, and silver, and pre- 
sent additional evidence of the probably important function of metal- 
sulfur complexes in the processes of ore deposition. 


INTRODUCTION. 


THE manner of transport and deposition of heavy metal sulfides has long 
been a problem of interest to economic geologists. In view of the extremely 
low solubilities of the sulfides as reported in the chemical literature, geolo- 
gists have sought some mechanism or mechanisms that would produce a 
solubility of sufficient magnitude to be of significance in mineralization. 
Much attention has been given this fundamentally important problem but 
unfortunately relatively few experimental data have been supplied. It is 
perhaps largely for this reason that no entirely consistent treatment has 
been forthcoming. 

There is no complete agreement concerning the physical-chemical nature 
of the transporting medium but basically the prevalent interpretation of 
present day geologists is that ore minerals are transported by dilute, saline, 
hydrothermal solutions of either an acid or basic nature. An exact meaning 
of the term dilute is not proffered, but it is apparent that solutions of low 
viscosity and reasonable capacity for diffusion are implied. Hydrogen 
sulfide and other volatiles are assumed to be present. .It is possible that 
the transported metal sulfide may be carried as a colloid as well as a true 
solute in mineralizing solutions, but the relatively high concentration of 
salts as deduced from fluid inclusion evidence by Newhouse (22),! and 
perhaps also the higher temperatures, are not in accord with this interpre- 
tation. Moreover, the surprisingly great depth of wall rock penetration 
and mineralization so often observed further militates against the idea of 
transport by poorly diffusing colloids. 

On the basis of these considerations the framework of this investigation 
was taken as H,S saturation of dilute, saline solutions of various acidities 
at 25°C and 1 atmosphere total pressure. Limitations of time did not 
permit carrying the experimentation to higher temperatures. Lead sulfide 
was taken as the material to be studied. 


PREVIOUS WORK. 


Most of the work done to date on the solubility of lead sulfide has been 
an endeavor to establish either the solubility product or the solubility in 
pure water under ordinary laboratory conditions. 

A brief summary is in the following table. Unless otherwise stated the 
solubility values given refer to pure water, and are given in moles per liter. 
Ksp is the solubility product constant and K is the activity product constant. 
The studies were carried out under ordinary conditions, 18° or 25° C. 


1 Numbers in parentheses refer to Bibliography at end of paper. 














STUDY OF LEAD SULFIDE SOLUBILITY. 115 


TABLE 1. 
Investigator Value Method 

Biltz 5.5 X 107% Observation of precipitation with an ultra- 
microscope 

Weigel 3.6 X 107% Conductance of pure water saturated with 
PbS 

Bruner and Zawadski Ksp = 3.4 X 107% Analysis of PbS saturated acidic solution 

Knox Ksp = 2.6 X 107% Electrode potential in alkaline sulfide 
solutions 

Jellineck and Czerwinski Ksp = 6.5 X 107% Electrode potential in alkaline sulfide 
solutions 

Hevesy and Paneth 1.3 X 107% Radioactivity of evaporated filtrate resi- 

6.3 X 107% due after co-precipitation with radium 
(H3S saturated solution) D 

Trumpler Ksp = 4.9 X 107% Analysis of PbS saturated acidic solutions 

Mickwitz 6.8 X 10-* Observation of precipitation with a sele- 
nium cell 

Nims and Bonner 9.5 X 107 Concentration cells of pure water satu- 
rated with PbS and PbSO, 

Wells 5.4 X 107% Chemical analysis 

Kato and Watase Koeo = 4.3 X 107% Precipitation studies with HCl, PbCle and 
H:S 


In addition to the values given in the table, the studies of Smith (28) 
on lead and zinc sulfide solubilities in alkaline sulfide solutions should be 
mentioned. From the residues in bomb experiments, Smith concluded 
qualitatively that lead sulfide, and to a lesser extent zinc sulfide, are slightly 
soluble in alkaline sulfide solutions at higher temperatures. 

Kolthoff ? (14) calculated the solubility of lead sulfide in water under 
ordinary conditions, utilizing the solubility product value of Bruner and 
Zawadski and considering the effect of hydrolysis and atmospheric carbon 
dioxide. He rejected the solubility determinations of Weigel, which have 
most often been quoted in geological literature, on the grounds that impuri- 
ties and oxidation products were probably present. Ravitz (26) expanded 
the solubility product determination of Trumpler by correcting for activities. 
He obtained an activity product of 7.0 X 10-*. Verhoogen (33) performed 
calculations similar to those of Kolthoff on the effect of hydrolysis on solu- 
bility in pure water. On the basis of an activity product derived from 
Kelley's (12) thermodynamic data, he calculated a lead ion concentration 
of 1.5 X 10-" moles per liter at pH 7. At pH 1 the concentration of Pb** 
would be about 10-* moles per liter and at pH 12, 10-* moles per liter. 
Verhoogen also calculated the lead ion concentration at higher temperatures, 
but because of inadequate physico-chemical data, the calculations were 
admittedly much less reliable. 

In more recent years, treatment of the lead sulfide solubility question 
has dealt with calculation of the activity product thermodynamically. The 
method of performing such calculations is given in Verhoogen’s article. 
On this basis, at 25° C, Latimer (19) gives an activity product of lead sulfide 
of 1.0 X 10-*. Kustinsky (18) gives 6.8 X 10-*. In this study an activity 
product of 2.63 X 10-* is used, as calculated from the thermodynamic 
data of Kelley. 


2 Further experimental work not repetitious of the above has apparently not been done but 
a number of authorities have discussed the problem at various times. 
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In the light of recent knowledge concerning the behavior of lead and 
other heavy metal sulfides many of the studies reviewed are seen to be in 
error. Taggart (30) has discussed several lines of investigation that indicate 
surface oxidation of clean galena almost immediately when the mineral is 
placed in water containing dissolved atmospheric oxygen and CO, In 
flotation studies it was experimentally demonstrated that atmospheric 
oxygen dissolved in water can bring about the appearance of an oxidized 
film on previously cleaned galena. The pure water solubilities given in 
Table 1 were apparently all obtained in water containing dissolved air and 
are therefore probably in error. 

In regard to those studies carried out in alkaline sulfide or hydrogen 
sulfide solutions, it will be noted that the solubility products determined 
analytically are considerably different from those found by electrode poten- 
tial methods. From this observation, Trumpler (32), as well as the other 
investigators, concluded that the lead sulfide electrode does not behave 
reversibly in alkaline sulfide solutions. The studies of Hevesy and Paneth 
(7) on lead sulfide solubility in hydrogen sulfide saturated solution involved 
some difficulty with colloids as well as the possibility of contamination by 
oxidation products. 

From the foregoing considerations it is apparent that only those values 
in Table 1 that represent determinations of the solubility product by ana- 
lytical means are without serious question. It is seen that such values are 
of the same order of magnitude as those calculated thermodynamically. 


FACTORS AFFECTING SOLUBILITY. 


A comprehensive presentation of the chemical principles and theory 
utilized in the investigation of solubility phenomena can be found in modern 
textbooks of qualitative analysis. The application of thermodynamic prin- 
ciples can be found in textbooks of physical chemistry. Only a brief survey 
will be given here. Illustrations of actual numerical calculations based on 
the discussions that follow will be deferred to later sections of this paper 
where specific problems are solved. 


The Activity Product. 


The fundamental relations between the solubility of a sparingly soluble 
compound and the concentration of its component ions in solution is given 
by the solubility product expression. An example of such an expression 
is (*Pb*+*)(*S--) = Ksp. This equation states that the product of the 
molar concentrations of the lead and sulfide ions is a constant in any solution 
at equilibrium with the solid metal sulfide. It is a manner of expressing 
the maximum solubility of a compound, for if either of the constituent ions 
is added to a solution already saturated with the compound, more of the 
compound is precipitated and the solubility product maintained. The 
solubility product is simply an expression of the familiar principle of mass 
action, which applies to all chemical systems at equilibrium. The more 
general expression for a slightly soluble compound that dissociates into vt 
cations and v_ anions on dissolving in water is given by (*M)**(*A)*- = Ksp, 
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where °‘M and °A refer to the concentrations of the cation*and the anion, 
respectively. 

The solubility product is not a true constant. It has been found to 
change with the overall concentration and composition of the solution. 
Thus the presence of neutral salts, because of interionic influences, is found 
to increase solubility somewhat. This is called the salt effect. An even 
greater effect is registered by the presence of substances that tie up the 
metal under investigation in a complex. Examples of complexes are the 
silver cyanide complex ion Ag(CN)2~- important in metallurgy, the ferric 
fluoride ion FeF,-*, and the AuCl;-* ion produced when gold dissolves in 
Aqua Regia. 

No precise quantitative method for handling these phenomena was 
available until the activity concept was introduced. The activity of a 
compound or ion is defined as its ‘‘effective’’ or thermodynamic concen- 
tration, and the relation of this quantity to the molar concentration depends 
upon the overall concentration and composition of the solution involved. 
The great advantage of this approach is that with the use of activities an 
activity product that is a true constant may be defined. With this constant 
a sure foundation is provided for the investigation of the salt effect, com- 
plexes, and other electrolyte phenomena. 

—A2 Vu 


1+ abyu’ 
provides the necessary means for computing activity coefficients of indi- 
vidual ions. In this expression z is the valence of the ion, A is a constant 
with a value of 0.509 for aqueous solutions at 25° C, b is a constant with a 
value of 3.29 & 107 at 25° C, a is the effective diameter in cm of the ion in 
solution, and yu is the ionic strength. Jonic strength is defined by the equa- 


2 2 
i ms2,? + mz? + -:- : 
tion p= 9 or » = 4>-m 27, where 2; is the valence of 


Activity Coefficients—The Debye-Huckel equation, log f = 





any given ion and m;isits molarity. Ionic strength determines the activity 
coefficients in a given solution. Ionic strength depends only upon the 
valence of the ions and not upon their chemical identity. By substitution 
of the formula relating individual and mean activity coefficients into the 
Debye-Huckel equation: 


1 _ —0,5092,2_Vu 
og fs sai 1 + aby u 


is obtained for the mean activity coefficients of electrolytes. 

The Debye-Huckel equation applies satisfactorily only to dilute solu- 
tions. At higher concentrations values of activity coefficients given by the 
equation become too small. At an ionic strength of 1.0 the error in the 
calculated activity coefficients would be too great to permit use of the 
equation. For ionic strengths up to 0.1 Kielland (17) has calculated the 
activity coefficients of many organic and inorganic ions. 

A more simplified form of the Debye-Huckel equation is given by the 
numerator of the above expression, log f; = —0.509 2?Vu. Error in calcu- 
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lated activity coefficients using this form of the equation are considerably 
greater except at ionic strengths below 0.01. 

Another way of approximating activity coefficients of individual ions is 
through the relation f, = (f,**f_7)"**+*". For example, the activity 
coefficient of Ba++ might be obtained as follows: The mean coefficient of 
BaCl, at a given ionic strength is available from experimental measure- 
ments, and if foi- were also available the equation could be solved for fpa*+. 
The value of fci- may be estimated using this same equation and the known 
value of f+ KCl. The potassium and chloride ions are very similar in 
activity behavior. By assuming that their activity coefficients are equal, 
4 + KCl = (fx + far)! = far. From this feat* = aa 

This approach is used extensively in dealing with the dilute electrolyte 
solutions. At higher concentrations its limitations are greater. The co- 
efficient of Cl-, for example, in KCl at u = 1.0 will differ somewhat from 
the coefficient of Cl- in BaCl, at that same ionic strength. Activity coeffi- 
cients for uncharged molecules such as HS are very nearly equal to 1. 

Salt Effect and Complexes.—The salt effect, which ordinarily increases 
solubility slightly, is due to the decrease in the activity coefficients of the 
ions of the solution as the ionic concentration is increased. Because the 


activity product remains constant it is evident from the equation m = — 


that a decrease in f must lead to an increase in m. Although in dilute 
solutions the salt effect increases solubility somewhat, it should be noted 
that in highly concentrated solutions f is greater than 1, and therefore 
solubility is decreased. This decrease in solubility is referred to as ‘‘salting 
out.”” The salt effect may increase solubility by as much as a factor of 10, 
depending upon the magnitude of the activity coefficient involved. 

Complexing tendency is the result of new equilibrium relations being set 
up among certain of the component ions of the solution. Complexes may 
be either charged ions or neutral molecules, such as PbCl* or AgHS. 

The equilibrium between a complex and its constituent ions may be ex- 

++ --)3 
pressed by a dissociation constant relation, such as Sea = Kouss‘, 
uf 

where a indicates activity. Because the activity product of the insoluble 
compound under investigation, in this case CueS, must always be satisfied 
in a saturated solution, the dissociation constant may be evaluated from a 
knowledge of the total (stoichiometric) concentration of the metal in solu- 
tion. This latter quantity is of course obtained by chemical analysis. The 
concentration of metal over and above that permitted by the activity 
product and the salt effect must be present in a complex. If more than 
one complex is present the calculations of the various dissociation constants 
becomes increasingly difficult, and therefore strict experimental controls to 
limit the possibilities or opportunities for complexing are desirable. The 
smaller the dissociation constant of a complex the greater will be the effect 
of increasing solubility. 
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EXPERIMENTAL PROCEDURE. 


Preparation of Sam ples.—Determinations of the solubility of precipitated 
lead sulfide in hydrogen sulfide saturated solutions at a series of acidities 
were carried out. Conditions were 25° C and 760 mm total pressure. The 
pH intervals were obtained by using sufficient HCl or NaOH to give the 
desired pH at H2S saturation. Table 4 shows the composition of solutions 
of the several determinations. 


TABLE 4. 


COMPOSITION OF SOLUBILITY MEDIA. 
(moles per liter) 














pH NaCl HCl NaOH H:S NaS 
1.05 — 0.10 _— sat. —_ 
2.5 0.097 0.003 -— sat. _ 
4.0 0.10 _ 0.001 sat. _— 
5.5 0.095 — 0.007 sat. _ 
7.0 —_ —_ 0.10 sat. _ 
7.9 —- -— 1.00 sat. — 
11.75 | _ _- - -—- 0.190 
' 














Sodium chloride was made a component of the solutions in order to 
prevent the formation of colloids and to control the ionic strength. At 
pH 11.8, H.S was not used but rather 0.190 mole per liter of sodium sulfide. 
This quantity, which was chosen arbitrarily, corresponds to the total sulfur 
content of the solution at pH 7. Assuming complete hydrolysis to HS~ and 
OH gives an ionic strength of 0.380. 

The solubility equilibria were carried out in a 2 liter three-neck flask, 
immersed in a water bath at 25° C, as shown in Figure 1. About 0.5 g of 
lead chloride was the parent material for the precipitation. Two liters of 
solution were prepared. Before introduction of the H:S from the Kipp 
generator, oxygen was removed from the system by bubbling with nitrogen 
for 2 hours. Oxygen was removed from the nitrogen by washing through 
Fieser solution (5). The hydrogen sulfide, previously washed with water, 
was introduced rapidly until saturation was attained, and then very slowly 
for the remainder of the run. Total pressure was maintained at 1 atm by 
means of the water column shown, which represents the difference between 
1 atm and the atmospheric pressure of Evanston during the experiment. 
The reaction mixture was stirred vigorously throughout the run. Reaction 
of the mercury seal with H.S was prevented by a floating layer of oil. Forty- 
eight hours was found to be sufficient time for solubility equilibrium. 

Filtration of the solutions was carried out at unchanged H,S pressure. 
This was accomplished by forcing the liquor, which has been allowed to 
sedimentate for several hours, through the fritted glass filter by reversing 
the H.S flow. The stop-cocks shown in the drawing indicate the procedure 
used in reversing the gas flow. Weighed samples for sulfur analysis were 
taken by the same procedure. The sedimentation time allowed before 
filtration at low pH values was 8 hours. The precipitate was coarse in 
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these solutions and settled within a few minutes after stirring was halted. 
At pH 7 the interval was 15 hours, and at pH 7.9 and 11.8, two days were 
allowed before samples were taken. 

The pH values for the various runs were obtained with a glass electrode, 
also at constant H2S pressure. The electrodes were suspended in a small 
jar and the same procedure was followed as in filtering. After flushing the 
jar with HS, the solution was forced over and its pH taken. Redox 
potential was also determined. 





To Washing Bottles Mercury Seal 


& Kipp Generotor tT Y eee 
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Analytical.—Colorimetric dithizone analysis with a filter photometer was 
the analytical method used. The procedure developed that gave most satis- 
factorily reproducible results is given in the following discussion. 

Before colorimetric determination was undertaken, the freshly filtered 
solutions were poured into large beakers and acidified with HCl. Four 
hundred ml samples were taken. They were then placed on a hot plate at 
low temperature and evaporated to dryness. After cooling, a quantity of 
perchloric acid, slightly more than equivalent to the quantity of salts present, 
was added. Several ml of water were added to completely cover the residue. 
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Evaporation to dryness was again carried out, and continued until fuming 
subsided. The residue was then taken up with water and used in the 
analysis. A blank was always run in a similar beaker using exactly the 
same quantities of water and acid. A few ml of a solution of sodium 
chloride were added to help collect any solid residue. 

The initial acidification of the filtrates before boiling was necessary to 
prevent undue reaction of the more basic filtrates with the beakers, as well 
as to facilitate driving off the H.S. The succeeding treatment with per- 
chloric acid was necessary to oxidize the colloidal sulfur resulting from 
acidification. It was of course desired to have everything completely in 
solution. 

The residue was taken up in hot water and transferred to 50 ml volumetric 
flasks. While hot, 5 ml of 10 percent potassium cyanide solution were 
added. When the solutions cooled to room temperature a small amount of 
potassium perchlorate crystallized out. This occurred because of the rela- 
tively large amount of salt contained in 400 ml samples. Samples con- 
taining known quantities of lead demonstrated that this did not affect the 
results. The samples were then made up to the mark and transferred to 
separatory funnels where 1.5 ml of 1:5 HCl were added to give a pH between 
9.2 and 9.5. Further adjustment to pH 9.5 was made dropwise with am- 
monia, and several drops of the solution were sacrificed for testing with a 
pH meter. With experience, only one or two adjustments and tests with 
the meter were found to be necessary. Ten ml of .001% dithizone-carbon 
tetrachloride solution were then added and the mixture was shaken for 
3 minutes. The pink organic phase was run into 20 ml test tubes and 
examined in the photometer. 

Blanks were run using the same quantities of acid and water. Standards 
were run with every determination. 

The usual procedure was not followed at pH 7.9 because of too large a 
value for the resulting blank. Three hundred ml samples were taken and 
neutralized slowly with 18 ml of redistilled HNO; diluted with 150 ml of 
water. After evaporation, the residue was dissolved in water, oxidized with 
bromine to give a clear solution, evaporated again, and then analyzed as 
above. A blank was run using the same quantity of water, bromine, and 
acid. 

Two pairs of samples containing 2 micrograms of lead, 400 ml of water, 
and 0.1 mole per liter of NaCl were run together with a blank in the same 
manner as the lead determinations. Blanks were run on all of the beakers 
in the same manner except that less water was used. 


TABLE 5. 


TOTAL SULFUR CONCENTRATION AND REDOX POTENTIALS.* 











pH 1.1 2.5 4 5.5 7 7.9 11.8 
Sr 0.096 0.093 0.096 0.105 0.190 0.975 0.190 
E —0.15 —0.24 —0.29 —0.37 —0.45 —0.47 




















* Concentration in moles/liter, E in volts. 
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Total sulfur was determined gravimetrically by precipitation as barium 
sulfate. The samples were collected in strong NaOH solution and oxidized 
with bromine. The low sulfur value at pH 7.9 is attributed to partial 
neutralization of the reaction solution by HCl. HS had to be generated 
rapidly at the}beginning of the pH 7.9 run, and some HCl was probably 
carried over. 

The foregoing photometric procedure is essentially a mixed color method 
of analysis, discussions of which can be found in Sandell (27). Test tubes 
rather than square absorption cells were accommodated by the photometer 
and were standardized with methyl red solution. Lead-free reagents were 
used in the analytical work. Glassware was all pyrex, rinsed with dilute 
acid and redistilled water before use. Separatory funnels were cleaned with 
0.005 percent dithizone-chloroform in slightly basic solution and rinsed with 
redistilled water before use. j 

Figure 2 is the solubility curve for the determinations. Reaction times 
in the flask for the various analyses were approximately 48 and 72 hours. 
The points at pH 5.5 represent two separate runs in the flask and those at 
pH 7 represent three separate runs. Samples were entirely free of Tyndall 
effect and, except at pH 7 and above, showed extinction no different from 
pure water. At pH 7 and above, the solutions had a yellow tinge. 

Colloids were encountered at pH 7 when reaction time was greater than 
100 to 120 hours. Some of these solutions were analyzed and showed 
considerably more lead than was found in optically clear samples. In order 
to be certain that colloid contamination was not responsible for the rise in 
solubility at pH 7, 0.1 mole per liter of sodium chloride was made a com- 
ponent of the solution in one of the runs, but no effect on lead concentration 
was found. 

Discussion of Analytical Results —Extinction curves for the analyses of 
knowns and the blanks on the beakers indicated an operating error of about 
0.4 microgram of lead per liter. Most of the determinations gave analytical 
results that were greater than corresponding blank values by only a factor 
of two or three. At pH 7 the factor was four or five, which of course is 
much more satisfactory. 

The results at pH 11.8 indicating zero lead and 0.4 microgram of lead 
in two different pairs of samples were difficult to interpret. It is probable, 
however, that the lead indicated in the second pair was due to contamina- 
tion. Most of the blank values for the various analytical determinations 
showed 0.2 to 0.6 microgram of lead, and since the blanks at pH 11.8 were 
negligible, the lead concentration indicated for the second pair of samples 
suggests contamination. Also the extinction curves for these determina- 
tions had an unusually shallow slope, and an extinction reading of 0.5 to 
1.0 percent, which is the limit of accuracy of the photometer, would indicate 
0.2 to 0.4 microgram of lead. For these reasons the lead concentration at 
pH 11.8 is considered below the limit of detection, although the possible 
existence of lead in the solutions at a concentration corresponding to this 
limit is not ruled out. 
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RESULTS AND CALCULATIONS. 


Predicted Versus Experimental Solubility —Interpretation of the experi- 
mental results involves a comparison of experimental solubilities with those 
predicted on the basis of the following considerations: (1) the activity 
product of lead sulfide, (2) complexes of lead that have been established and 
would exist under the experimental conditions involved, -(3) the salt effect 
of the electrolyte. Of these three factors, the second two are relatively 
unimportant in this investigation. It would seem therefore that an exact 
treatment of the experimental data in terms of activities rather than 
molarities is not required. However, in order to evaluate better the slight 
solubility increase that occurs at pH 7 and pH 7.9, a treatment of the data 
in terms of approximate activity values has been carried out. 


Lead Ion Activity. 


The activity product relation provides the means by which lead ion 
activity in the solutions may be computed. 


Kpps = Gppttdg-- = 1077-8 


10-79-58 
as~~ 7 





(1) 


adpp** = 


The activity of sulfide ion is calculated from the total sulfur concen- 
tration and the ionization constants of H2S as follows: 


my,s + Muys- + mMs-- = Sr 
Ky, HS = “=SB= = 10-+™ (19, p. 65) 
@4n,8 
K;, HS = = = 10-5 (19, p. 65). 
aus” 
Since: 
10-axs- 
as-- = ———.. 
apt 
Then: 


10-98 10-*-age 


as-~ 7 10-“ays- . 





dpp** 


(2) 


Known Complexes and Salt Effect—The ion PbClI* with a dissociation 
constant of 3.0 X 10-* (6) is the only complex that would contribute sig- 
nificantly to the experimentally determined lead concentration, and only at 
pH 1.1. The species PhOH*+, HPbO.- and undissociated Pb(OH): would 
also be present but would not be important except at very high pH values. 
These species might also be considered in pure water solubility but would 
be unimportant except at high pH values. This is evident from the follow- 
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ing equilibrium expressions: 


_ (PbOH*)(OH-) 





Kpp(on),, 26° = Pb(OH), = 4.2 X 10° (9, p. 248) 
: Pbt+)(OH- 
Kppont, 18° = eee) = 5.0 X 10° (25, p. 1572) 


a (H*)(HPbO;-) 
Ka, pp(OH),, 28° = —SbOH. ~ = 2.1 10-* (19, p. 313). 


The increase in lead concentration resulting from the salt effect on 
Pb*+* ions can be evaluated from the activities and activity coefficients. 
The effect is important, however, only at pH 1.1. Activity coefficients of 
the lead ion may be approximated from the mean activity coefficients of 
BaCle, as described in a previous discussion. At yu = 0.1 the value obtained 
is 0.40. At »w = 1.0, the value is 0.19, and at uw = 0.38 it is 0.22. At 
uw = 0.1, the Debye-Huckel equation gives fp,++ = 0.37 on the basis of an 
effective ionic diameter of 4.5 X 10-8 cm. (17). 

The ionization expressions of HS stated in terms of activity coefficients 
and molarities are: 


@utfus-Mus- 
fu,s™u,s 


Ky, H.S « 10 6.94 


ant fs--ms-- 
fus-mus- 


Ko, HS 


= 107", 


Substituting in the equation for total sulfur: 


dus-Gn* @us-10-% 

Fa,s10-*™ + mus- + ——_ Sr. (3) 
Since the third term of equations (3) is relatively insignificant except at 
very high pH values, it may be neglected in the calculations. Also, at low 
pH values, 1.1 through 4, the second term may be neglected. Solution of 
the equation at pH values 5.5, 7, and 7.9 requires the use of an activity 
coefficient for the HS~ ion. For this purpose the mean activity coefficient 
of sodium hydroxide at ionic strengths corresponding to the experimental 
conditions of the various runs is employed as an approximation: 


fus- & (fratfus-)? = f + NaHS- ~ f + NaOH. 


For the experimental run at pH 7.9 (u = 1.0) the activity coefficient of 
HS~ would then be 0.68. For runs at pH 5.5 and pH 7 (u = 0.1) it would 
be 0.78. The Debye-Huckel equation gives a value of 0.76 at » = 0.1 on 
the basis of an effective ionic diameter of 3 X 10-§ cm. Experimental 
values for the activity coefficients of alkali bisulfide solutions are not avail- 
able. The activity coefficient of H.S is assumed to be 1. 
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Sample Calculations.—Calculation of the activities and molarities of 
Pb*t* and PbCl* at pH 1.1 are given as follows: 








@ys-GxH* a@ys-10-% 
fu,s10-°™ + mys- + —_ 0.096 
s F 
ays-107!" 
@) 106% = 0.096 
dus- = 10-*-*8 moles/liter 
oy 10-29-58 oa 10-9 -58q45+ 
Or 5, as-- oH 10-“axs- 
apy*+ = 10-882 moles/liter 
i ae Gpo** _ 49-8.424 NN; 
Mpy 040 ~ 10 moles/liter. 


For the chloride complex the activity coefficient of chloride ion may be 
derived from the Debye-Huckel equation. The ionic strength of the solu- 
tion and the molarity of chloride are 0.1. On the basis of an effective ionic 
diameter of 3 X 10-® cm. the value of the activity coefficient of Cl is 0.76. 


app**dci- uae 
apc = 3x 402 = 10-*"° moles/liter. 


The activity coefficient of PbCl* calculated from the Debye-Huckel 
equation on the basis of an effective diameter of 6 X 10-® cm. (6) is 0.79. 


appci* 


0.79 





Mppci* = = 10-8-#!7 moles/liter. 
TABLE 6. 


PREDICTED AND OBSERVED LEAD CONCENTRATION. 
(moles per liter) 


pH Predicted lead Observed lead 
1.1 1078.0 1077-82 
2.5 1010.86 1077-82 
4 1013.87 1077-82 
5.5 10~16.89 1077-82 
7 1072.13 1077-8 
7.9 1072.85 1077.% 
11.8 10~*1.20 doubtful 


Bisulfide Complex. 


The lead concentration given in Table 6 reveals a great discrepancy at 
most of the pH values between experimental and predicted solubilities of 
lead sulfide. The ratio of experimental to predicted lead concentration at 
pH 7, for example, is more than 10". These results strongly suggest a 
reaction of the lead with a complexing agent within the system. Known 
complexes of lead have already been discussed, and therefore complexing 
phenomena involving H,S or its ionization products are indicated. 
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Table 7 gives the activities of lead, bisulfide, and sulfide ions in the 
experimental solutions and also the products of Pb++ and HS~ or S-~ ions 
as they would appear in the dissociation equilibrium expressions of various 
possible complexes. Solubility curves of these complexes are plotted in 
Figure 3 on the basis of the data in Table 7. 


Concentration Curves for Various Possible Complexes 


in Experimental Solutions 





























T r r r r r + + T T r 
-8 om ea hge 
10" F -- . 
PbIHS)5 eee 
- \ 4 
\ 
\ 
\ 
io ~ \ 4 
‘\ 
\ 
\ 
r . 1 
\ 
\ 
ol? } \ 4 
\ 
\ 
5 \ 4 
\ 
1o"* , - J 
\ 
‘ 
. \ \ 4 
\ \ 
‘\ \ 
10'S } er is \ 4 
a \ 
~ 4s \ 
. ‘iy ‘ 4 
‘\ ‘ 
\ 
- SS ‘ 
io'8 } A . 7 
“\\ \ 
Nw 
. ‘es 4 
Vn 
y & 
= ‘\ 
Thee 9 +9 
” 
e ‘\ 
Fo v 
z 7 
| concentration in = Z 4 
Q@ 7 
moles/liter , 
*% 4 
10%? } SY 7 4 
. adic 
s 
‘ ’ og 
. < 4 
ie" 
7 \ 
‘ 
io? 4} \ 4 
s 
s 
PbS (undissociated) ‘ 
. 4 
s 
/ F 
\ 
io28 RC ee ae rw Se 
0 2 a 6 8 10 12 


Fic. 3. Concentration curves for various possible complexes in 
experimental solutions. 
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Dissociation constants for the curve are arbitrarily chosen for convenient 
spacing on the paper, in order that the characteristic solubility curve of 
each complex may be clearly seen. The sharp discontinuity in the curves 
at pH 7.9 represents change from NaOH solutions saturated with HS to 
alkaline solutions unsaturated with this material. In this study solid 
sodium sulfide was used, which on hydrolysis gave bisulfide ions and a 
solution of high basicity. 

It is apparent that none of the theoretical curves entirely duplicate the 
experimental solubility curve given in Figure 4. However, the flat portion 
of the curve, from pH 1.1 to pH 5.5, corresponds exactly to the theoretical 
curve from Pb(HS)2. This, of course, is reflected by the essentially constant 
value of the product ap,*++a’ns- in Table 7. The presence of Pb(HS)2 com- 
plex in the system thus is indicated. The average dissociation constant 











app**a*ns- 
Laem, «= 19, 
OPv(HS), 
TABLE 7. 
IoN CONCENTRATION AND ION PRODUCTS IN EXPERIMENTAL SOLUTIONS. 

pH 1.1 pH 2.5 pH 4.0 pH 5.5 pH 7.0 pH 7.9 pH 11.8 
app*+ 1078-822 1011.68 10714.622 10717.641 10720.525 10~22.270 10~25.504 
aus~ 10-6.858 1075-472 1073.958 1072-439 1071-055 10~0.210 10~0.876 
as~~ 10-20.758 10717.972 10714.958 10711.939 1079-055 1077-310 1074-076 
app*taps~ 10715.680 107~17.080 10718.580 10~20.080 10721.580 10~22.480 10)~26.380 
app*ta*ys- 10722.538 10722-5852 10~22.538 10722.519 10~22.635 10)~22.690 10727.256 
apy*+a*ys~ 10~29.396 10728.024 10 26.496 10 724.958 10~23.690 10~22.900 10~28.132 
ap,*tatys~ 10726.264 10—33.496 10-30. 454 10727-3907 10724-7456 10-23.110 10729.008 
app*ta’g~- 10 60.338 10747.552 10744.538 10741-519 10~38.635 10-36.890 10 733.656 
app**a*ns~ 4 ee 7 = si ¥ - 
————- 10~21.438 10720.052 10718.538 10717.019 10715.635 10714.790 10715.456 

ant 


























The results of the work of Treadwell and Hepenstrict (31) in the investi- 
gation of silver sulfide solubility in H:S saturated solutions parallel these 
conclusions. These investigators found a similar solubility curve for silver 
sulfide at pH values 1 to 7. The flat portion of the curve in the acid range, 
which gave a silver concentration of about 1.4 X 10-® moles per liter, they 
attributed to AgHS complex. 

The slight increase in lead concentration at pH 7 and pH 7.9 suggests 
the appearance in the system of detectable amounts of a complex or com- 
plexes other than Pb(HS)2. As stated previously, the solutions gave no 
indication of colloid contamination. Not only were they free of Tyndall 
effect, but the last run at pH 7 contained 0.1 mole per liter of sodium 
chloride in addition to the sodium hydroxide, which should have prevented 
the formation of any colloidal material. Leaching of léad from the beakers 
before acidification is conceivable, but little or no lead was detected in the 
analyses at pH 11.8, at which basicity leaching should have been most 
effective. 

Lack of data between pH’s 7.9 and 11.8 makes it impossible to correlate 
the solubility behavior in this pH range with any of the hypothetical curves 
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or combinations thereof. 


The very small increase in lead: concentration at 
pH 7.9 over that at pH 7 presents a further difficulty, for all of the theoreti- 
cal complexes that give increased lead concentration at pH 7 also give a 
greater increase at pH 7.9 than was observed experimentally. A possible 
explanation of the low lead values is incomplete extraction of lead. Sandell 


107§ 





i Theoretical & Observed Solubility Curves a 
Moles per Liter 

— Experimental Curve 
—— Theoretical Curve for Pb(HS), & PbIHS)s 


| _ 
\ 
io” L 





1 y 
\ | 
Pb \! 
& \ a 
Vy 
Ne + 
a ‘a wal 
\\ 
ice 


\ 
<14.71 
Kppins)," '° 


\ 
o 716.01 
L Kpptus)s '° 





\ 
107? 1 1 l 














130 JOHN JULIAN HEMLEY. 


(27, p. 96) discusses this point in regard to dithizone trace analysis in solu- 
tions containing a high concentration of salts. The solutions in the separa- 
tory funnels for the analyses at pH 7.9 contained sodium nitrate to the 
extent of 3.5 moles per liter. 

On the assumption that the increased lead concentration at pH 7 and 
pH 7.9 is due to the presence of an additional complex, the most likely 
species is Pb(HS);-. A higher bisulfide complex than Pb(HS);- would 
exhibit a greater solubility increase between pH’s 7 and 7.9 as a result of a 
higher activity and a greater salt effect. The fact that little or no lead was 
detected at pH 11.8 indicates that a polysulfide complex was not present. 
Also eliminated by this consideration is a PbHS,~ ion, resulting from ioniza- 
tion of Pb(HS)s. The latter mechanism was adopted by Treadwell and 
Hepenstrict to explain the observed increase in silver concentration at pH 7. 

Estimation was made of the role of activities and activity coefficients 
in the results at pH’s7 and 7.9. The activity coefficient of Pb(HS);~ at 
pH 7 (uw = 0.1), calculated from the Debye-Huckel equation with an assumed 
effective ionic diameter of 8 X 10-® cm, is 0.82. A coefficient 0.70 is 
assumed at pH 7.9. 

The light curve in Figure 4 represents the theoretical concentration of 
lead in the solutions on the basis of the presence of Pb(HS). and Pb(HS);- 
complexes. The solubility data at pH 7 were taken as the basis for the 
calculation of the theoretical concentration of lead at pH 7.9. A slight 
rise in the theoretical curve also appears at pH 1.1. This results from the 
fact that the theoretical concentrations of PbCl*+ and Pb** are of signifi- 
cance at this acidity. The experimental lead concentration at pH 1.1 
should therefore represent the contribution of these constituents as well as 
Pb(HS)2. This discrepancy may be accounted for by the choice of dis- 
sociation constants for H2S. There is some disagreement as to the correct 
value for these constants. A value K; = 10’ and K, = 10-* has been 
suggested by Kubli (16). Use of these*values would reduce the concen- 
trations of Pb++ and PbCI* to less than 10-” moles per liter, which would 
not have been detected in the analyses. 

In addition to the theoretical curves in Figure 3, on which the conclusions 
of this discussion are based, there is the further possibility of complexing 
action between PbCl*+ and the various anions in the system. Also, the 
complexing role of molecular H2S should be considered. These possibilities 
seem to be eliminated by the fact that chloride ion was not present above 
pH 5.5, yet solubility was slightly greater. Also the presence of chloride 
in one run at pH 7 had no effect on the results. Hydrogen sulfide was 
apparently not active as a complexing agent, for the solubility of molecular 
H.S in the concentrated solutions at pH 7.9 would be decreased, yet a 
greater lead concentration was observed. 


GEOLOGICAL IMPLICATIONS. 
Transportation of Lead Sulfide. 


The results of this investigation indicate that lead may be carried to the 
extent of approximately 10-* grams per liter in H:S saturated sodium 
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chloride or sodium bisulfide solutions at 25° C and 1 atm total pressure. 
In contrast to these mild conditions of temperature and pressure, galena 
deposits bear evidence of a wide variety of more extreme depositional 
environments, the deposits ranging from deep seated to relatively shallow. 
No direct inference can, therefore, be made of lead concentration under 
geological conditions in active mineralizing solutions of composition similar 
to those studied. Also, time limitations did not permit the determination 
of a temperature effect on solubility; therefore no estimate can be made of 
increased or decreased solubility at higher temperatures. It may be that 
under more extreme conditions of temperature and pressure the solubility 
of lead would not differ greatly from that actually found, but until the 
necessary data become available the experimental lead concentration can 
be considered only a possible residual concentration of the metal in min- 
eralizing solutions saturated with hydrogen sulfide at atmospheric pressure 
and surface temperatures. 

Solubility as a Function of Total Sulfur—From the experimental data it 
is evident that lead concentration is increased by an increase of total sulfur 
(H.S + HS~- + S--) in the solutions. At acid pH values a given amount 
of sulfur is present essentially as H.S, but at high pH values H2S concen- 
tration is much lower and the sulfur equilibrium is shifted toward HS- 
and S-~ ions. 

Of fundamental importance in controlling total sulfur concentration is 
the effect of pressure and temperature upon H,S solubility. Experimental 
data on the solubility of hydrogen sulfide in water for the range 0° to 100° 
and 1 atm partial pressure H.S are given in the Handbook of Chemistry 
and Physics (1947, p. 1397). For solubilities above this range data are not 
available and extrapolated values based on studies at lower temperatures 
and pressures must be used. 

As with other gases, the solubility of HS in water is increased with 
increasing pressure and decreased with increasing temperature. The effect 
of pressure, at constant temperature, follows Henry’s law, which states that 
solubility is directly proportional to pressure. The effect of temperature, 
at constant HS partial pressure, follows a more complex relation. Figure 5 
is a plot of HS solubility against the reciprocal of absolute temperature. 
The solubility is plotted on a log scale as the ratio of volume HS dissolved 
(reduced to 0° C and 1 atm pressure) to volume of water. Solubility at 
100° is about one-third that at 25°C. The dashed line gives the apparent 
extrapolation and the dotted line gives what Krauskopf (15) considers a 
conservative extrapolation. 

The increase in lead concentration resulting from higher HS concen- 
trations can readily be estimated by the same procedure followed in previous 
calculations. The Mississippi Valley lead-zinc ores are generally believed 
to have been deposited at temperatures of about 100°C and pressures of 
perhaps 60 atm hydrostatic (21). Assuming H.S saturation at 30 atm 
partial pressure, approximately a 10 fold increase in H»S concentration over 
that at ordinary conditions should exist. Since H.S concentration is thus 
known, the HS~ and S~~ ion concentrations can be found from the ionization 
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; K,H2S KiK2H2S 
constant expressions of H.S; HS- = Ht? S—- = “D 
no change in equilibrium constants at the higher temperatures and pressures, 
it is apparent from these relations that a 10 fold increase in H.S will increase 
the sulfide and bisulfide ion concentrations by the same factor at a given pH. 
The resulting effects on the concentrations of Pb(HS)2z and Pb(HS);-~ are 
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Change in Solubility of HgS in Water with Temperature 


Fic. 5. Change in solubility of H2S in water with temperature. 


given in Table 8. The curve in Figure 6 shows the effects of increased H.S 
pressure on the concentrations of various complexes. 
curves of Figure 3 in that total sulfur is constant. 











They differ from the 


It will be noted incidentally from the ionization expressions above that 
high HS pressures imply acid conditions, for if a basic pH is specified, a 
very large concentration of HS~ anions and balancing cations is involved. 
That vein solutions would be more than saturated with balancing light 


metal cations would not be expected. 
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Solubility as a Function of Equilibrium Constants.—Theé illustrative ex- 
ample presented in the preceding discussion assumes only negligible changes, 
or perhaps compensating changes, with temperature of the equilibrium 
constants controlling lead concentration in the system. Actually this con- 
dition probably would not obtain, but unfortunately the scarcity of data 
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Concentration of Various Complexes as a Function 
of pH and Total Sulfur 


Fic. 6. Concentration of various complexes as a function 
of pH and total sulfur. 
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TABLE 8. 


CONCENTRATION OF BISULFIDE COMPLEXES AS A FUNCTION OF 
TOTAL SULFUR CONCENTRATION AND PH.* 
(moles per liter) 











Sr pH 3 pH 5 pH 7 pH9 
Pb(HS): 0.1 1077.9 1077-9 1078-2 10-%-9 
1.0 1076-9 1076-9 1077-2 1073-9 
Pb(HS)s~ 0.1 10-11.6 10-*-6 10-8-2 1079-6 
1.0 1079-6 1077-6 1076-2 1077-6 

















* Based on K values at 25° C. 


on ionic equilibria at higher temperatures makes the problem difficult to 
attack. However, further discussion may be worthwhile in the light of 
theoretical considerations and of the solubility trend of the sulfide com- 
plexes of mercury and copper up to 75° C. 

The data of Saukov and Knox on the solubility of HgS in sodium sulfide 
solutions have been presented by Krauskopf (15, p. 503). At higher tem- 
peratures the solubility of HgS decreases. Knox’s values indicate about a 
4 percent decrease in solubility between 25 and 33° C, and Saukov found a 
25 percent decrease in the range 17 to 57°C. As stated by Krauskopf 
these values cannot be safely extrapolated to high temperatures, but Kraus- 
kopf does suggest that the solubility at 300° can hardly be as small as 1/100 
the value at 25° C. 

With cupric sulfide in sodium sulfide solutions Holtje and Beckert (8) 
found an increase in solubility with temperature. From 25 to 75° they 
found an increase of over 100 percent, but from 50 to 75° the increase was 
only 20 percent. This suggests an approach to a maximum in the solubility 
curve, so that at 100° the solubility is perhaps much the same as that at 75° C. 

The basis of the solubility trends in the preceding examples is primarily 
relative changes in the equilibrium constants of H2S, the metal sulfide, and 
the metal sulfide complex as the temperature is increased. The specific 
change for each of these constants might be large or small relative to the 
others, and toward either increased or decreased dissociation, but it is 
overall effects of all changes which would determine the resulting metal 
sulfide solubility. 

Verhoogen’s calculations (33), although only of an approximate nature, 
show that higher temperatures produce an increase in the equilibrium con- 
stants of hydrosulfuric acid and metal sulfides. At 100° C the dissociation 
constants of H,S are increased by a factor of 3 or 4, whereas the activity 
products of most of the metal sulfides are increased by more than a factor 
of 10. At high temperatures this divergence would probably be even 
greater. These changes could contribute to increased lead concentration 
as the temperature is raised, but the dissociation tendency of complexes is 
also likely to increase with temperature, which would diminish or even 
reverse the solubility trend. Such effects are evident in the solubility be- 
havior noted for cupric and mercuric sulfides, and also in the dissociation 
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constants for HgS;-— and CuS;~*, which may be calculated on the basis of 
Verhoogen’s work and the experimental solubility data. Derivation of the 
cupric sulfide complex from the data of Holtje and Beckert (8) has been 
carried out by Garrels (unpublished). 

The effect of pressure can be estimated with a fair degree of accuracy as 
shown by the studies of Owen and Brinkley (24). It was found that an 
increase of pressure of 1,000 bars increases ionization constants of weakly 
ionizing species by a factor of from 3 to 8. At 100 bars the factor is less 
than 2. The general rule was that the pressure effect varied inversely with 
the size of the ionization constant. Thus for lead sulfide (K = 10-*-*) the 
ionization would be increased by a somewhat greater factor than would 
result for the HS~ ion (K = 10-") and Pb(HS). (K = 10-"-7). This would 
increase the concentration of dissolved lead but very slightly. 

Solubility as a Function of pH.—The relative effect of pH on sulfide and 
bisulfide complexes is evident in Table 8 and Figure 6. The relations 
suggest that precipitation of metal sulfides during ore deposition could be 
caused by release of metals from complexes due to changes in pH. Inas- 
much as Pb(HS): is the complex most strongly suggested by the results of 
this investigation, acid to neutral solutions are indicated as most favorable 
for lead transport. 


Deposition of Lead Sulfide. 


On the assumption that the formation of primary sulfide ore minerals is 
the result of a continuous process of transportation and ultimate precipita- 
tion or crystallization of those minerals from solution, the factors that 
control the transportation of lead would also be involved in the deposition 
of lead sulfide. As presented in the preceding discussion these factors 
might well be a decrease in total sulfur concentration, an increase in pH, 
a critical change in equilibrium constants controlling solubility, or any 
combination of these three. 

A decrease in total sulfur concentration in vein solutions would result 
from either loss of H:S gas, dilution by meteoric waters, or oxidation of 
part of the bivalent sulfur. 

A change in the pH of mineralizing solutions could result from loss of 
acid volatiles or reaction of the solutions with the wall rock, as well as from 
other processes. From the common geological observation of marked galena 
localization in carbonate rocks, an increase in pH through reaction of acid 
solutions with the wall rock is suggested. From Figure 6 it is apparent 
that such changes would favor the precipitation of lead sulfide from Pb(HS)., 
but only above pH 7. In other words, it would occur significantly only in 
rocks with an equilibrium pH above 7 in aqueous solution. Carbonate 
rocks react rapidly to high equilibrium pH values. 

Discussion of the problem of changes in chemical equilibria in vein 
solutions with decreasing temperature is futile on the basis of present data. 
On geological grounds, however, the abundant evidence of deposition at 
temperatures from 80 to 150° C (29) in many of the districts of the Mississippi 
Valley region suggests that ore formation could be related to such controls. 
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A sharp decrease in solubility may occur within this temperature range, 
with only a small residual concentration remaining below a temperature of 
about 100° C. 

The relation between sulfide zoning in ore deposits and complex forma- 
tion is another interesting consideration. Table 9 gives the approximate 
solubilities in sulfide solutions of several metals that are reported to form 
sulfide or bisulfide complexes. The bivalent sulfur concentration is taken 
at 0.1 mole per liter. 


TABLE 9. 


SOLUBILITIES OF SEVERAL METALS IN SOLUTIONS CONTAINING 0.1 M Tota SULFUR aT 25° C. 
(moles per liter) 











pH Cu Pb Ag Hg 

4 4. x 10-8 "2. x 10-8 “1. x 10-6 | 1. X 10-4 
7 3. X 10-2 *2. x 10-8 *3. x 10-5 7. x 107? 
10 2. X 10-4 4. X 10-1 2x10 | 1.107 














* Experimental solubilities. 


According to Bandy (1) the commonly observed sequence for copper, 
lead, and silver metallization is in that order given. Although the copper 
solubilities in the table are not great enough to be considered significant in 
mineralization, it is interesting that the order of increasing concentration 
in the intermediate pH range of 4 to 10 is copper, lead, and silver. As is 
well known, cinnabar is found in low temperature epithermal deposits that 
bear evidence of formation from alkaline sulfide solutions. Transportation 
and deposition of cinnabar from highly alkaline solution, in which the 
HgS.-~ complex is extremely effective, has been discussed by Dreyer (4). 


CONCLUSIONS. 


The presence of detectable amounts of bisulfide complex Pb(HS)>s, and 
possible Pb(HS);~, in aqueous solutions of acid to neutral pH constitutes 
a possible mechanism for the transportation of lead in mineralizing solutions. 
Concentration of the complexes decreases with decrease in concentration of 
bivalent sulfur and also at values of pH above 7. These two factors would 
then be the major controls of transportation and deposition of lead sulfide. 
Temperature and composition of mineralizing solutions, however, may have 
further significant effects upon equilibria relations and therefore upon the 
concentration of dissolved lead. 

Greater diversity of composition would tend to increase lead concentra- 
tion as result of the operation of more numerous complexing tendencies. 
Hydrothermal solutions are undoubtedly more varied in composition than 
the relatively simple solubility media used in the experimental work and, 
therefore, a greater concentration of lead in hydrothermal sulfide systems 
would be expected. The concentrated chloride fluid inclusions reported by 
Newhouse (21), for example, in the Mississippi Valley lead-zinc ores point 
to concentrated chloride bearing mineralizing solutions. Contributions to 
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the concentration of dissolved lead by PbCI*+ would-therefore exist and 
would be very important at lower pH values. 

The results of this investigation correspond to previous establishment of 
metal-sulfur complexes of copper, mercury, and silver. The transportation 
of heavy metals in ore solutions as sulfide or bisulfide complexes and the 
precipitation of these metals by the destruction of these complexes is strongly 
suggested. It is hoped that the preceding discussion has presented some of 
the more important chemical aspects of the sulfide transportation-deposition 
problem. Other considerations such as the role of colloids and the possibility 
of incomplete solubility equilibrium can be found in the literature. 
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A QUALITATIVE COLOR TEST FOR RAPID IDENTIFICATION 
OF THE CLAY MINERAL GROUPS. 


WiLL1AmM W. HAMBLETON AND CHARLES G. Dopp. 


ABSTRACT. 


A color test based on the adsorption and oxidation of p-amino phenol 
on clay mineral surfaces has been developed for routine identification of 
the principal clay mineral groups, the montmorillonoid, illite or hydrous 
mica, and kaolin families. The new test has been found to compare fa- 
vorably with other staining and color tests currently in use. 

The test procedure involves the use of alcoholic solutions of p-amino 
phenol of varying concentrations, followed by treatment with hydrochloric 
acid. Tests are carried out on white porcelain spot plates. Colors are ob- 
served both wet and dry, using reflected light and standard color chips of 
the Munsell color system. 

The test has been found to be most sensitive and accurate for members 
of the montmorillonoid family. Its application to identification of illites or 
hydrous micas is only slightly less satisfactory. Kaolin minerals are identi- 
fied with ease, except in mixtures where these minerals are minority con- 
stituents. Aniline dye staining tests are most useful to confirm the pres- 
ence of kaolin minerals. The new procedure has been developed using a 
set of 61 standard or reference clay mineral samples analyzed and identitied 
by other laboratories. 


INTRODUCTION. 


Tue characterization of clays according to their mineral composition is a prob- 
lem of importance in numerous scientific and technological fields. Although 
clay minerals usually can be identified by elaborate procedures in a well- 
equipped laboratory, color tests of various types have been developed in an 
effort to obtain this information more quickly and cheaply. This paper de- 
scribes a new color test based on adsorption and oxidation of p-amino phenol 
on clay surfaces. 

Faust (6) surveyed the literature of staining and color reactions before 
1940 and studied differentiation of clays by staining procedures, using aniline 
dyes. Razumova (16), Bosazza (2, 3, 4), and Mielenz, King, and Schieltz 
(14) also have employed aniline dye staining techniques. Hendricks and 
Alexander (9) studied color reactions of aromatic diamines with montmoril- 
lonoids and described a qualitative test using benzidine. Although the benzi- 
dine test has been criticized by Page (15) on the basis of nonspecificity and 
studied critically by others (5, 12, 17), it is widely used in the field. Hauser 


1 From the Surface Chemistry Laboratory, Petroleum Experiment Station, Bartlesville, Okla., 
and published by permission of the Director, Bureau of Mines. 

Presented at the 120th National Meeting of the American Chemical Society, September 6, 
1952, in New York, N. Y., as part of the Symposium on Colloid Chemistry of Clays and 
Silicates before the Division of Colloid Chemistry. 
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and Leggett (8) found that colors were produced by reactions of a number of 
aromatic amines with Wyoming bentonite (montmorillonoid) clay. Under 
their experimental conditions, p-amino phenol gave no color reaction. Mielenz, 
King, and Schieltz (14) and Mielenz and King (13) have developed improved 
procedures using a combination of aniline dye staining tests and benzidine color 
reactions. The work of Weil-Malherbe and Weiss (18) has thrown additional 
light on the mechanisms of color production on clay surfaces. 


EXPERIMENTAL, 


Since it was thought that the colors observed by Hauser and Leggett 
showed promise for the development of an improved differential test, the 
reactions of typical bulk samples of montmorillonoids, kaolin minerals, and 
illites with a number of aromatic amines were observed on spot plates under a 
binocular microscope. The effect of a varying hydrogen ion concentration in 
the developed colors also was investigated. It was found that treatment of the 
clay samples with a solution of p-amino phenol in ethyl alcohol followed by 
subsequent treatment of the dried clay with hydrochloric acid offered the best 
possibility for differentiation between the clay mineral families. The only 
other aromatic amine studied that showed promise of development as a test 
reagent, out of about 25 available for testing, was phenyl-alpha-naphthylamine ; 
but for general use p-amino phenol appeared to be more suitable. 


Eastman reagent grade p-amino phenol was recrystallized twice from 95% ethyl 
alcohol. Identity was established by preparing two derivatives. Quinone was 
formed by oxidation with chromic acid followed by steam distillation. Para-benzal 
amino phenol was formed by reaction with benzaldehyde followed by recrystallization 
from dilute alcohol. Solutions of purified p-amino phenol in absolute alcohol for 
use as the test reagent were made up in 0.1%, 0.5%, 2%, and 4% concentrations 
and stored in brown glass dropping bottles. These solutions darkened with time, 
but the effectiveness of the reagent was not decreased. 

Standard or reference clay minerals, analyzed and identified by other laboratories, 
were used in establishing optimum test conditions. Samples were obtained from 
A.P.I. Research Project 49, R. E. Grim of the University of Illinois, and N. 
Plummer of the Kansas Geological Survey. The A.P.I. clay mineral standards 
have been described in a series of published reports (10). Grim, Machin, and 
Bradley have described the samples sent in by Grim (7). Identification of all 
samples was confirmed in this laboratory by x-ray diffraction analysis. 

The colors produced by p-amino phenol and hydrochloric acid on clay surfaces 
were seen best when viewed under a stereoscopic microscope at approximately 20 x 
magnification. The most satisfactory background was found to be a white por- 
celain spot plate. The colors produced on clays by p-amino phenol in alcoholic 
solution were not as brilliant as those when benzidine or certain organic dyes were 
used, but it was found that the eye accustomed itself to recognition of the colors 
with ease. Observations were made most satisfactorily with reflected light. The 
colors were not seen well by transmitted light. For illumination, a fluorescent desk 
lamp with one daylight tube and one white tube was suitable for observing both the 
sample and the standard color charts. 

The problem of measurement and standardization of color was solved by com- 
paring observed colors with prepared charts of color chips available in the Munsell 
Book of Color (1). The widely accepted Munsell color system classifies colors 
according to hue, value, and chroma. The pocket edition (vol. 1) was found ade- 
quate for purposes of identifying colors produced on clays by p-amino phenol. This 
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loose-leaf booklet contains 20 charts corresponding to each of the 10 hues of maxi- 
mum chroma and 10 intermediate hues. Each chart is arranged according to value 
and chroma. A color designated as 5.0 PB 3/8 (or 5 PB 3/8) corresponds to the 
hue purple-blue, a value of 3, and a chroma of 8. Increasing value corresponds to 
lessening amounts of neutral gray. Increasing chroma corresponds to greater 
intensity of the given hue. On the charts, value ranges from 2 to 8, and chroma 
from 2 to 12. The use of a comparison eyepiece with the Munsell color charts has 
been described by Mielenz, King, and Schieltz (14). 


Pretreatment of relatively clean clay samples with acid usually was un- 
necessary because 1:1 hydrochloric acid was used as a reagent following treat- 
ment with p-amino phenol. The nature of adsorbed exchangeable cations thus 
was not critical. Nevertheless, it is good practice to remove extraneous ferric 
salts and oxidizing impurities such as manganese dioxide by pretreatment with 
1:1 HCl. This is important in testing most soil and rock samples. Samples 
containing hectorite or certain nontronites are decomposed by such treatment. 
(See procedure under Test A.) Dry samples were selected from bulk rocks, 
when so supplied, and ground to pass a 50-mesh but be retained on a 100- 
mesh screen. About 3 to 5 cubic millimeters bulk volume of ground sample 
was placed in each depression on a white porcelain spot plate. Two drops of 
p-amino phenol reagent solution were added, and the sample was stirred with 
a toothpick. After evaporation of the alcohol solvent, the dried grains were 
mixed with a thin glass stirring rod, and one drop of 1:1 hydrochloric acid 
added without stirring. The sample was allowed to stand about 10 or 15 min- 
utes and the color of the wet sample observed. Dry colors were observed after 
the acid had evaporated completely and only after rubbing the sample with a 
thin glass rod to expose the colors of grains under the darkly stained surface. 
A dark ring of oxidized p-amino phenol around the rim of the spot plate de- 
pression was ignored. The following conditions of observation, each applied 
to a separate sample, were found most useful for differentiating between the 
clay mineral groups as determined by studying the available clay mineral 
standards: 

Montmorillonoids—(A) Two drops of 0.1% reagent were added, and the 
sample was dried and powdered with a thin glass stirring rod and observed wet 
after 1 drop of 1:1 HCl was added. Blue or blue-green colors, usually 5 B, 
10 B, 5 BG, or 10 BG, were observed on small particles around the edges of 
the wet mass ; frequently the colors were seen only on the edges or corners of 
grains. This test was the most sensitive montmorillonoid family test devised. 
Any decomposition of hectorites or nontronites by application of 1:1 HCl did 
not occur so rapidly as to prevent observation of the characteristic montmoril- 
lonoid group colors. 

(B) Two drops of 4% reagent were added; the sample was dried and 
powdered with a thin glass stirring rod and treated with 1 drop 1:1 HCl, dried, 
and observed dry after enough mixing to permit the color under the dried 
surface stain to be seen clearly. Blue or purple-blue colors, usually 5 PB or 
10 B and quite brilliant, were observed on montmorillonoid grains. This test 
was not as sensitive as test (A) when small amounts of montmorillonoids oc- 
curred in mixtures or interlayered lattices with other clay minerals. A com- 
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bination of definite positive results with tests (A) and (B) permitted rela- 
tively positive identification of montmorillonoids, but all available clay mineral 
standards that reacted positively under (A) contained montmorillonoid-type 
clays. 

Hydrous Micas or Illites——(C) Two drops each of 0.5% and 2% reagent 
solutions, respectively, were added to samples in separate spot plate depres- 
sions, dried and powdered with a thin glass stirring rod, and observed wet with 
1 drop of 1:1 HCl. Murky greens, olive greens or browns, yellow greens, 
tans or yellow browns including 5 Y, 10 Y, 5 GY, and 10 YR were observed 
on the surface of the main mass of clay sample. Colors observed for known 
illites included 5 -Y with values less than 6 and chroma of 4 or more, 10 Y with 
values less than 6, 5 GY with values less than 6, and 10 YR with values of 4 
or 5and chroma of 4or more. This test was not quite as decisive as the mont- 
morillonoid tests but was generally definitive for the almost invariably impure 
hydrous micas.?, Apparently it involved a staining reaction. The absence of 
a positive test confirms the absence of all but small amounts of illites. 

Kaolin Group.—(D) The procedure was the same as for test (B) above. 
If the sample contained no montmorillonoids or illites, dry grains under the 
darkly stained surface ranged in color from very light tans or pinks, including 
10 RP, 5 R, 10 R, and 5 YR, to darker rose colors, such as 10 RP or5R. If 
some hydrous micas and/or montmorillonoids were present lavender shades 
such as 10 P, 5 RP, or 10 RP were often observed. If 15 to 25 percent mont- 
morillonoids were present, blue grains were seen mixed with the pink or rose 
grains. Halloysites generally stained darker than kaolinites. Dickites stained 
considerably lighter, giving the whitest colors. 

(E) 2 % reagent substituted for the 4% concentration in test (B) often 
gave better kaolin mineral tests because of the small amount of dark, oxidized 
reagent on top of the sample; also, in some cases, the use of 5% HCl in place 
of the 1:1 concentration or the treatment of-the dry sample from (B) or (E) 
with a drop of distilled water followed by drying helped to bring out the reces- 
sive kaolin colors. 

Mixtures of Hydrous Micas (Illites) and Montmorillonoids, Mixed Layer 
Aggregates, or Metabentonites.—Test (A) distinguished the presence of mont- 
morillonoids, and test (C) detected hydrous micas or illites. 

Halloysites (Hydrated Halloysite or Endellite and Halloysite or Metahal- 
loysite).—Test (D) or (E) detected kaolin minerals. In addition, the pro- 
cedure for test (A) was employed, as it had been observed that the edges and 
corners of halloysite grains produced by grinding the sample to 50- to 100- 
mesh showed a pronounced tendency to stain dark brown under the conditions 
of test (A). 

Attapulgites (or Palygorskites) —The 4 attapulgite samples tested (all of 
which contained at least a trace of montmorillonoids) reacted with test (A) in 
the same manner as montmorillonoids ; but with test (B), purple colors were 
observed ranging from 10 P 3/2 to 10 P 3/4. Pure attapulgites probably 
would not be stained. 


2M. E. King (personal communication) has found illites of hydrothermal origin give deep- 
blue colors with p-amino phenol. 
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General Procedure for Unknowns.—Separate portions of sample were taken 
for tests (A), (B), and (C) or (E). White porcelain spot plates having 3 
to 12 depressions were employed conveniently. The procedures outlined above 
were followed systematically. 


RESULTS OF TESTS APPLIED TO STANDARD SAMPLES. 


Results Obtained with Montmorillonoid Tests (A) and (B).—Tests (A) 
and (B) were applied to 26 identified and analyzed montmorillonoids (in- 
cluding 2 hectorites and 3 nontronites), 5 hydrous micas or illites (some of 
which contained kaolin minerals), 7 mixed layer aggregates or mixtures of 
hydrous micas or illites, montmorillonoids, and kaolin minerals, 4 attapulgites 
(each containing some montmorillonoids), 5 halloysites, and 7 kaolin minerals 
mixed with montmorillonoids and/or illites. The benzidine test of Hendricks 
and Alexander (9) also was applied to the same samples using the procedure 
described by Mielenz, King, and Schieltz (14). 

A combination of the p-amino phenol tests (A) and (B) indicated the 
presence of montmorillonoid in all samples where it was indicated by inde- 
pendent analyses, whereas the benzidine test was essentially negative for sam- 
ples API 24, API H-24 API 30, API 34a, and API H-34a. In all of these 
cases where the benzidine test failed, montmorillonoids had been determined to 
constitute the major mineral constituent of the sample by other laboratory tests. 
Furthermore, benzidine gave positive results for samples API 35, API H-35, 
API 38, Grim 866, Grim 870, and Grim 867 which did not contain montmoril- 
lonoids, whereas a combination of p-amino phenol tests (A) and (B) gave 
negative results in agreement with the independent analyses. These results 
are summarized in the accompanying table together with analyses for ferric iron 
reported by API Project 49 (11) and Grim, Machin, and Bradley (7). 


TABLE 1. 
TESTS FOR MONTMORILLONOID MINERALS. 
Benzidine test negative Benzidine test positive 
p-Amino Phenol Positive p-Amino Phenol Negative 
Known Montmorillonoids Known Illites + Some 
API-24 (0.51% Fe20s) Kaolin Minerals 
API-H-24 (0.51% Fe20s) API-35 (4.99% Fe20s) 
API-30 (0.94% Fe20s;) API-H-35 (4.99% Fe:0s) 
Known Hectorites Grim-866 (4.50% Fe2Os) 
API-34a (0.03% Fe20s) Grim-870 (7.74% Fe:0Os) 
API-H-34a (0.03% Fe20s) Known IIlite 
Known Kaolin Mineral + API-38 (4.29% Fe2Os) 
Some Montmorillonoid Known Halloysite 
API-H-4 (0.41% Fe20s) Grim-867 (0.50% Fe20s) 


If reference is made to Table 1, it is noted that the montmorillonoids that 
did not give good positive benzidine tests were those which contained relatively 
small amounts of ferric iron. On the other hand, the nonmontmorillonoid 
samples that gave positive benzidine tests all contained appreciable amounts of 
ferric iron (for the particular clay mineral types involved). These observa- 
tions are compatible with a criticism of the benzidine test made by Page (15), 
who took the extreme point of view that colors produced by benzidine resulted 
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solely from oxidation by ferric iron and impurities in clays. Although positive 
benzidine tests for montmorillonoids were obtained by Page (15) in the pres- 
ence of ferric ions alone, solutions of p-amino phenol are not colored by ferric 
chloride. It seems unlikely that the p-amino phenol test for montmorillonoids 
requires the presence of ferric iron, because the hectorite sample API 34a, 
which contained only 0.03% Fe,O,, responded to test (A). Some oxidizing 
agent other than ferric iron must be responsible for the characteristic colors 
produced on clay mineral surfaces by oxidation-reduction color test reagents. 
Ferric iron is merely an extraneous interference that affects the benzidine test 
(in neutral solution) but not the p-amino phenol test.* 

The conditions of test (A) applied to many montmorillonoids and most 
halloysites resulted in marked color formation at the corners and along the 
rims or edges of granules observed under the microscope at about 20 X magni- 
fication. Similar results have been observed by Bosazza (4), using dyes, and 
by the writers, using benzidine. The “granules” observed under these con- 
ditions were clumps broken up by grinding the sample to the 50- to 100-mesh 
size. Montmorillonoids exhibited blue and blue-green colors on the edges 
and corners of granules, and the halloysite grains were edged in brown or tan. 
The phenomenon may result from intercrystallite diffusion through exposed 
channels at grain edges and corners, followed by adsorption of the reagent on 
active sites. This was not observed with illites. 

Results Obtained with Illite or Hydrous Mica Test (C).—Test (C) was 
applied to the same clay samples as tests (A) and (B). Positive results were 
obtained with all 15 samples known to contain illites, with the sole exception 
of sample Grim 879. This was a kaolinite ball clay stated to contain a small 
amount of illite. The illite test was doubtful. Positive tests were obtained 
with a nontronite, API-33a, and two montmorillonoids that were not thought 
to contain illites, API-104-M and API-105-B. 

The reaction of p-amino phenol with montmorillonoids appears to result 
from an oxidation-reduction reaction following partial penetration and adsorp- 
tion of reagent on 001 crystal lattice planes. Relatively few 001 planes of 
illites resemble those of montmorillonoids. The blue color of adsorbed reagent 
on these few active surfaces is modified by the body color of the illite granules. 
Thus illites and hydrous micas stain opaque greens and browns. 

The p-amino phenol test appears to be reliable for the identification of 
illites in those reference samples studied, unless the percentage of illite is quite 
small. Reasons for the positive tests obtained with three montmorillonoid 
family samples are not clear. This suggests that, whenever positive p-amino 
phenol tests for illites are obtained on samples containing montmorillonoids, as 
determined by test (A), the results should be confirmed by aniline dye staining 
tests and, if possible, by other methods such as x-ray diffraction analyses. 

Results Obtained with Kaolin Group Tests (D) and (E).—Tests (D) and 
(E) were applied to the complete set of standard samples. The identification 
of kaolin minerals was satisfactory when this group constituted a major com- 
ponent of the sample; however, appreciable amounts of montmorillonoids and 


8 A more detailed discussion of the nature of oxidizing agents that cause oxidation-reduction 
color test reactions has been presented before the First National Conference on Clays and Clay 
Technology, Berkeley, Calif., July 23, 1952. 
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illites obscured the kaolin colors. In such cases it was desirable to supplement 
the information obtained by the use of p-amino phenol with aniline dye staining 
tests. The observations of Faust (6), together with the refined techniques of 
Mielenz and King (13), were most helpful in demonstrating the presence or 
absence of kaolin minerals. In addition, the presence of reasonably large 
kaolinite crystals could be confirmed by petrographic examination and by their 
enhanced pleochroic properties after staining. On the other hand, aniline dye 
tests were less satisfactory when applied to the determination of montmoril- 
lonoids and illites in general. In practice, aniline dye tests are more tedious 
and time consuming than the p-amino phenol tests because the former require 
adjustment of sample size and reagent concentration, as well as careful pre- 
treatment of the sample with acid followed by thorough washing and oven 
drying. 


DISCUSSION, 


In view of the demonstrated advantages and disadvantages of each of the 
benzidine, aniline dye staining, and p-amino phenol tests, it seems prudent to 
recommend that a combination of all three tests be used to identify unknown 
clays with the greatest certainty. 

A marked advantage of dye staining techniques employing safranine Y and 
malachite green is that use of a penetrating reagent solvent, such as nitroben- 
zene, results in uniform adsorption of the dye through the interior of each grain 
of the sample. This permits semiquantitative estimation of the various clay 
minerals and of quartz, by observation of a stained sample in nitrobenzene on a 
microscope slide. Recently Mielenz and King (13) have modified the benzi- 
dine test for montmorillonoids so that it may be used in the same manner. 
This newest modification of the benzidine test is much more satisfactory than 
the older procedure. 

To use staining tests most effectively for identifying clay minerals, the 
analyst should employ a systematic procedure of analysis that utilizes more 
than one type of color test. Such a procedure has been outlined by Mielenz 
and King (13). The new p-amino phenol color test deserves a place in such 
schemes because it is particularly sensitive and accurate with respect to the 
identification of montmorillonoids, and it is the only characteristic test for the 
hydrous mica clay minerals. Furthermore, it is rapidly and easily applied. 
It compares favorably with other established color tests. 
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DISCUSSION 


RADIOACTIVITY OF PHOSPHATIC SEDIMENTS. 


Sir: The recent paper by Virginia F. Ross? provides an opportunity for 
further speculation on a geochemical question that first interested me about 
fifteen years ago. Simply stated, the question is: In organic marine shales, 
is there evidence that a significant portion of the radioactive element (or ele- 
ments) is present in an authigenic phosphate mineral? 

Ross noted that the phosphatic layers were more radioactive than other 
portions of the Cherokee Shale and the radiograph for her Figure 4 was pro- 
duced from a light-colored phosphatic layer of a Miocene nodular shale of 
the Playa del Rey. Guntz* has noted the occurrence of uranium in North 
African phosphates and has suggested coprecipitation during the formation 
of the sedimentary deposits. Bradley * found a trace of ThO, in coprolites 
from the Bridger formation in Wyoming. 

Among the non-detrital constituents of such sediments, the calcium- 
phosphate mineral is generally low in solubility and it seems to be a likely 
host for the radioactive elements for several reasons. This phosphatic min- 
eral, called “collophane,” has a crystal structure * closely related to that of 
francolite ° and also closely related to that of the “mineral phase” of verte- 
brate teeth and bones.** In turn all of these crystal structures are closely 
related to that of apatite. 

The diversity of isomorphic substitutions that can occur in the structure 
of apatite was evident in 1938, when I stated:* “The structure of apatite 
seems to be remarkably stable, permitting a number of rather unusual sub- 
stitutions and involving a considerable number of ions.” Continued research 
by numerous investigators has extended the scope of these conclusions. 

A well recognized physiological phenomenon is the ability of the skeletal 
tissues to retain essentially all radium that enters the human body, implying 

1 Ross, Virginia F., Autoradiographic study of marine shales: Econ. Grot., vol. 47, pp. 783- 
793, 1952. 

2Guntz, A. A., Sur la présence d’uranium dans les phosphates nord-africains: Compt. rend., 
vol. 234, pp. 868-870, 1952. 

3 Bradley, W. H., Coprolites from the Bridger formation of Wyoming; Their composition and 
microérganisms: Am. Jour. Sci., vol. 244, pp. 215-239, 1946. 

4 The fact that collophane is not amorphous was indicated by the writer. (See McConnell, D., 
Am. Jour. Sci., vol. 240, p. 656, 1942.) 

5 McConnell, Duncan, The problem of the carbonate apatites. IV. Structural substitutions 
involving CO, and OH: Bull. Soc. Francaise Minéral., Cristal., vol. 75, pp. 428-445, 1952. 

6 McConnell, Duncan, The crystal chemistry of carbonate apatites and their relationship to 
the composition of calcified tissues: Jour. Dental Research, vol. 31, pp. 53-63, 1952. 

7 McConnell, Duncan, The nature of rock phosphates, teeth, and bones: Jour. Wash. Acad. 
Sci., vol. 42, pp. 36-38, 1952. 


8 McConnell, Duncan, A structural investigation of the isomorphism of the apatite group: 
Am. Mineral., vol. 23, pp. 1-19, 1938. 
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that radium, at least, is capable of entering into combination with the carbo- 
nate-apatite constituent of bone. That the radium, in such situations, actu- 
ally substitutes for some other atom within the apatite crystal lattice, remains 
to be proved. However, according to current crystal-chemical concepts this 
would be the most acceptable premise at hand. 

In considering uranium and thorium, certain geochemical differences from 
the behavior of radium are noteworthy. Uranium, in particular, tends to form 
complex ions and does not tend to behave as a simple cation to any such 
extent as does radium. Nevertheless the possible occurrence of very small 
quantities of complex uranium-containing ions is not necessarily precluded 
in the structure of apatite. The presence of silicon, sulfur, vanadium,’ chro- 
mium ® and possibly aluminum,’® as substitutions for phosphorus, has been 
adequately demonstrated. 

For the purpose of comparison, radii of cations given by Ahrens * are 
as follows : 


Known to occur in apatite 
Mn* 0.80 Na* 0.97 Ca* 0.99 Ba* 1.34 
Occurrence in apatite in question 
U* 097 Th* 102 Ra® 1.43 


(These radii are compared on the basis of a coordination number of 6.) 

What the source of the radioactive elements may have been and what 
the time of their entrance into the organic marine shales, are questions that 
may be closely allied to the conditions of formation of the host mineral. 
Some phosphatic nodules appear to be detrital whereas others apparently 
formed during diagenesis or later. Comparative age determinations of both 
types of phosphate nodules and their enclosing sediments might shed light 
on this matter. 

Duncan McCoNNELL. 
DEPARTMENT OF MINERALOGY, 
Tue Onto STATE UNIVERSITY, 
CoLuMsBus, OuxIO0, 
January 19, 1953. 


9 Minguzzi, C., Apatite sintetiche con cromo trivalente ed esavalente: Per. Mineral. (Rome), 
vol. 12, pp. 348-380, 1941. 

10 Pieruccini, R., Sulla possibilita di introdurre alluminio, ferro, piombo o molibdeno nel 
reticolo della apatiti: Atti. Soc. Toscana Sci. Nat., mem. 54, 12 pp., 1947. 

11 Ahrens, L. H., The use of ionization potentials. Part. I. Ionic radii of the elements: Geo- 
chim., Cosmochim. Acta, vol. 2, pp. 155-169, 1952. : 

















SCIENTIFIC COMMUNICATIONS 


IMPROVED SLIDE HOLDER FOR THIN SECTIONING 
OF ROCKS. 


DANIEL J. JONES. 


In the course of preparing over 300 thin sections of limestone for micro- 
scopic examination, the writer was faced with the problem of effecting a 
method of holding the glass slide in a firm, but not completely inflexible grip 
while the final grinding on the abrasive wheels was completed. Many tech- 
niques were tried, including cementing of two small corks on the back of the 
slide, but most of them were found to be too slow for mass production of thin 
sections. The holder and technique described below were developed, and found 
to be quite satisfactory both from the standpoints of speed and convenience. 















































Fie. 1. 


The slide holder is made from a block of walnut or other fairly impermeable 
wood, 314” by 114” by 14” thick, shaped as shown in Figure 1. Two small 
holes drilled in the under surface of the block will accommodate two small rub- 
ber suction cups of the type used on darts and similar toys. The diameter of 
the holes is controlled by the diameter of the small ends of the suction cups 
used, and should be slightly smaller in order to insure a tight friction fit. The 
cups should not be glued or cemented in place. The friction fit, if well-made 
will allow the slide and cups to be pulled from the handle block in the event 
the slide adheres to the surface of the wheel or lap during the wet grinding 
process. This is a fairly common occurrence when fine abrasives are used wet 
on the grinding wheel or abrasive lap. Slide breakage due to excessive pres- 
sures exerted on the slide during grinding are virtually eliminated by the use 
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of this holder. It is suggested that the wooden handle block be given two 
or three coats of white shellac before use, in order to make it as impermeable 
as possible. Care must be exercised not to get any shellac or varnish on the 
inner surfaces of the rubber suction cups in painting the slide holder. 

In use on the abrasive lap, the glass slide containing the rock slice fastened 
to one surface is pressed down gently but firmly on the suction cups, whose 
concave surfaces have previously been moistened with glycerine, or a mixture 
of glycerine and water in equal proportions. Care must be exercised to exert 
equal pressure on both ends of the slide when affixing it to the rubber suction 
cups of the slide holder. Inspection of the slide after mounting it in the holder 
should show the suction cups with completely flat inner surfaces in contact with 
the glass of the slide, and with no air bubbles. 

The holder with the slide is now taken in the hand, and the lower surface 
of the rock is slowly lowered into contact with the rotating abrasive surface of 
the lap or wheel. The amount and direction of pressure applied during grind- 
ing can be varied at will by the operator, due to the flexibility of the rubber 
suction cups holding the slide. The slide may be removed from the surface of 
the wheel by moving the holder laterally toward the outer edge, against the 
direction of rotation, and then lifting the holder and slide upward in a diagonal 
sweep of the arm. This prevents a sudden adhesion of the slide to moist 
abrasive surfaces. 

In removing the slide from the suction cups of the holder, pressure is 
exerted by the fingers laterally against one edge of the slide, and sliding it 
sidewise off the surfaces of the cups. It was found possible to inspect the 
specimen at any time during the grinding process by grasping one end of 
the slide and holder between thumb and forefinger, and with the other hand 
sliding the opposite end of the slide off its suction cup, through a 90-degree arc. 
The slide may be washed free of abrasive material under running water, in- 
spected, and pressed against its rubber suction cup for further grinding. 

The slide holder described above is believed to be an improvement over simi- 
lar devices in that the flexibility of the rubber cups allows application of differen- 
tial pressures during the grinding, and because it is sufficiently non-rigid to pre- 
vent the development of sudden strains which may tend to break the glass slide 
during the grinding process. 


Dept. or GEOLOGY, 
University oF UTAH, 
Satt Lake City, UTAg, 
Jan. 8, 1952. 
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Symmetry. By HerMANN WeyL. Princeton University Press, 1952. Pp. viii 
+ 168; figs. 72. $3.75. 


The Louis Clark Vanuxem Lectures at Princeton University in 1951 constitute 
the basis of the present volume. The four chapters are entitled, “Bilateral sym- 
metry,” “Translatory, rotational, and related symmetries,” “Ornamental symmetry,” 
and “Crystals: the general mathematical theory of symmetry.” Although mathe- 
matical symbolism is used freely throughout the text, it will hardly burden the 
educated non-mathematical reader except in the last chapter. There, scientists 
and mathematically-inclined readers will find no difficulty, but the symbols and 
equations would frighten most general readers. 

Particularly outstanding are the subjects selected to illustrate principles of sym- 
metry: from Egyptian and Greek art, we have linearly repetitive building-frescoes 
and pottery-decorations; from Moorish art, two-dimensional patterns used in tile 
work and in window grilles; from the Chinese, artistic lattices designed to support 
paper windows; from the field of biology, arrangements of leaf-buds along the sides 
of a branch, or the pattern of a honeycomb, or the lace-like tests of microscopic 
animals ; and finally from crystallography, we have snowflakes and three-dimensional 
crystal structures in general—all these sources are used to good advantage. 

The book is worth careful study if only to realize the extent to which symmetri- 
cal arrangements dominate our world. Symmetry is a fascinating subject in itself, 
but it is made especially so when illustrated with such examples of artistic and 
natural objects. 

Horace WINCHELL. 

YALE UNIVERSITY, 

New Haven, Conn., 
February 10, 1953. 


Identification and Qualitative Chemical Analysis of Minerals. By Orstno C. 
SmitH. New 2nd Edition. Pp. 385; figs. 37; pls. 28. D. Van Nostrand 
Company, Inc., New York, 1953. Price, $7.50. 


This second edition embraces new material and changes suggested, since the 
first edition appeared in 1946, but the general order and content is largely the 
same. The additions include a condensed history of blowpiping, new tests, some 
new color plates and geiger counter methods of uranium prospecting. The iden- 
tification tables have not been changed. As it now stands the chapter headings 
are: Physical Properties; History and Uses of Blowpiping; Blowpipe Reactions; 
Ultra-violet Light and Fluorochemistry; Mineral Chemistry; Tables of Chemical 
Reactions ; Qualitative Chemical Tests and Mineral Identification Tables. 


Seismic Prospecting for Oil. By C. Hewirr Drx. Pp. 414; figs. 175. Harper 

& Brothers, New York, 1953. Price, $7.50. 

The author states that the aim of this book is educational—to train younger 
men in the techniques and the background behind the techniques. The book is 
devoted exclusively to seismic prospecting and should, therefore, be of value to all 
interested in this field. 
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After an introductory part giving a summary of common exploration methods, 
Part II takes up Routine Seismology, followed by Interpretation, Refraction Pros- 
pecting, and Physical Processes Involved, concluding with a bibliography and 
index. The main bulk of the book deals with a discussion of practical interpreta- 
tion techniques. The book is well written, sufficiently illustrated and should be in 
the library of all oil companies, field geologists and students of geophysics. 

Carey Croneis, in his “Editor’s Introduction” states that this book is “a 
scholarly volume but a highly practical one as well.” It is one of Harper’s Geo- 
science Series under the editorship of Carey Croneis. 


Les Gites d’Etain et de Tungsténe de la Région d’Oulmés. Etude Géologique, 
Pétrographique et Métallogénique. By Henry Trermrier, Borts OwopENKO 
AND JuLES AGARD. Service Géologique du Maroc Mém. 82, Rabat, 1950. Pp. 
328; pls. 27; figs. 40; 2 maps in color. Price, Fr. 1,200. 


This is another volume in the series being presented by the Geological Service 
of Morocco that will eventually cover all known aspects of the geology of Morocco. 
In the present volume, Messrs. Termier, Owodenko and Agard have collaborated 
to present this intensive study, begun by M. Termier some 15 years ago, on the tin 
deposits of Morocco, notably of Oulmés, situated about 120 km to the southeast of 
Casablanca. The work involved in the preparation of this volume was divided 
among the three geologists so that M. Owodenko dealt with the parts devoted to 
mineralization; M. Agard prepared the cartography of the varieties of granite, 
participated in the study of metamorphic aureoles, and granitic rocks, and completed 
the study of mineralization ; M. Termier established the stratigraphy, determined the 
major part of granitic and metamorphic rocks, and served as coordinator and editor 
of the entire work. 

The principle contribution of this work to existing literature on the geology 
of Morocco is its meticulous analysis of all aspects comprised in the study of tin 
deposits in this region, including genesis, mineralization, chemical and mineral 
analyses, geography, stratigraphy, types and characteristics of deposits, and history 
of exploitation, as well as possibilities for future production. 

‘ B. A. BroMBert. 

New Haven, Conn., 

January 20, 1953. 


BOOKS RECEIVED. 
FRANK G. LESURE. 
U. S. Geological Survey—Washington, D. C., 1952. 
Bull. 966. Index to Geophysical Abstracts 136-139, 1949. Pp. 253-292. 
Bull. 976. Index to Geophysical Abstracts 140-143, 1950. Pp. 267-301. 


Bull. 991-C. Geophysical Abstracts 150, July-September 1950. Pp. 145- 
194, Numbers 13803-14003. 


Water-Supply Paper 1110-E. Water-Level Fluctuations in Limestone 
Sinks in Southwestern Georgia. E. L. Henpricks anp Me tvin H. 
Goopwin, Jr. Pp. 157-246; pl. 1; figs. 21; tbls. 12. Price, 55 cts. Study 
of hydrology of 13 ponds, botanical descriptions with reference to breeding 
places of malaria-carrying mosquitoes. 
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Water-Supply Paper 1155. Surface Water Supply of Hawaii. Preparep 
UNDER THE DIRECTION OF C. G. Pautsen, J. V. B. WE ts, B. J. PETERSON, 
AND M. H. Carson. Pp. 130. Price, 35 cts. 


Water Supply Paper 1169. Water Levels and Artesian Pressure in Obser- 
vation Wells in the United States in 1950. Part 5. Northwestern 
States. Pp. 139; figs. 3. Price, 35 cts. 


Water-Supply Paper 1174. Surface Water Supply of the United States 1950. 
Part 4. St. Lawrence River Basin. Pp. 309; fig. 1. Price, 70 cts. 


Circ. 196. Preliminary Summary of Reconnaissance for Uranium in Alaska, 
1951. M. G. Wuire, W. S. West, G. E. Tatsert, A. E. NEtson, ann J. 
R. Houston. Pp. 17; figs. 4; tbls. 4. 


Circ. 202. Preliminary Summary Review of Thorium-bearing Mineral 
Occurrences in Alaska. Rosert G. Bates AND HELMUTH WeEDow, Jr. 
Pp. 13; pl. 25 tee 2. 


Circ. 207. Reconnaissance for Radioactive Deposits in the Southern Cook 
Inlet Region, Alaska, 1949. Rosert M. MoxHaAM anv ArTHUR E. NELSON. 
Pp. 7; pl. 1s Ce a. 


Circ. 213. Preliminary Report on the Jo Reynolds Area Lawson-Dumont 
District, Clear Creek County, Colorado. J. E. Harrison anp B. F. 
Lreonarp. Pp. 8; pls. 2; figs.4. Age of pitchblende mineralization believed 
Tertiary. 


Circ. 219. Reconnaissance of Uranium and Copper Deposits on Parts of 
New Mexico, Colorado, Utah, Idaho, and Wyoming. Gartanp G. Gott 
AND RatpuH L. Erickson. Pp. 16; fig. 1; tbls. 2. Uvraniferous asphaltites 
noted on West flank of San Rafael Swell. 


Circ. 220. Selected Papers on Uranium Deposits in the United States. Pp. 
35; figs. 23. Six good papers on distribution and occurrences of uranium. 


Circ. 224. Volcanic Debris in Uraniferous Sandstones, and its Possible 
Bearing on the Origin and Precipitation of Uranium. Aaron C. WATERS 
AND Harry C. Grancer. Pp. 26; figs. 12; tbls. 2. Relationships between 
volcanic material and uranium-vanadium minerals on Colorado Plateau sug- 
gest complex origin of ore during Tertiary deformation and igneous intrusion. 


Circ. 234. Spectrographic Identification of Mineral Grains. J. N. Sticu. 
Pp. 16; tbls. 4. 


Index Map of Alaska. Preparep By E. H. Coss. Scale 1: 250,000. Shows 
areas covered by selected geological reports. 


. §. Atomic Energy Commission—Oak Ridge, Tennessee, 1952. 


Geol. Rept. G-119. Geophysical Investigations for United States Atomic 
Energy Commission in the Colorado Plateau Area. Dart WANTLAND. 
Pp. 141; pls. 10; figs. 9; tbls. 4. Resistivity studies showed correlation be- 
tween areas of high resistivity and favorable locations for mineralization. 


RMO-800. Preliminary Report on Uranium-bearing Deposits of the 
Northern Boulder Batholith Region, Jefferson County, Montana. Er- 
NEst E, THuRLOW AND MILLARD L. ReyNer. Pp. 62; pls. 3; figs. 6. De- 
scriptions of 14 minor properties. 
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RMO-1027. Practical Guides to Uranium Ores on the Colorado Plateau. 
F. V. Rernnarpt. Pp. 13; fig. 1. Briefly describes 11 guides for locat- 
ing ore. 
California Division of Mines—San Francisco, 1952. 


Bull. 136. Minerals of California. JosepH Murpocu aANnp Rosert W. Wess. 
Pp. 47. 1952 supplement covering years 1945 through 1951. Occurrences 
and references of California minerals, mostly nonmetallic. 


Bull. 162. Geology of the Sebastopol Quadrangle. Russett B. Travis. 
Pp. 33; pls. 7; figs. 2. 


Bull. 163. Gypsum in California. Wutt1am E. Ver Prancx. Pp. 151; pls. 
52; figs. 11. Descriptions of deposits, and methods of mining and market- 
ing. 

Colorado School of Mines—Golden, 1951-52. 


Vol. 46, No.4. Examination of Well Cuttings. Jur1an W. Low. Pp. 48; 
pl. 1; figs. 13; tbls. 2. Price, $1.50. Useful manual describing methods of 
lithologic determination of well samples. 


Vol. 47, No.1. Metallurgical Research in Uranium, Manganese and Nodu- 
lar Cast Irons. Epitep sy LERoy W. Goopwin. Pp. 87; figs. 40; tbls. 15. 
Price, $1.50. Includes three papers, one on the chloridation of manganese 
ores as a possible method of utilizing domestic ores. 


Vol. 47, No.2. Studies of Organic Limestones and Limestone-building Or- 
ganisms. CoMPiILep By J. HARLAN JoHNsoN. Pp. 94; pls. 26; fig. 1; tbls. 
9. Price, $1.50. Contains four papers on shell structure of modern mol- 
lusks, Ordovician rock-building algae, and Pennsylvanian organic limestones 
of Kansas and Texas. 


Vol. 47, No. 3. Removal of Sulfur from Petre'eum Coke. Freperickx K. 
SaABoTT AND WILLIAM C, ScHaAFeErR. Pp. 37; ugs. 10; tbls. 2. Price, 50 cts. 


Geology and Mineral Resources of the Carlinville Quadrangle. Jonn R. BALL. 
Pp. 110; pls. 4; figs. 22; tbls. 13. Illinois Geological Survey Bull. 77, Urbana, 
1952. 


Rept. on a Preliminary Study of the Twenty-five Foot Terrace in Maryland. 
Rosert E. BrREITENBACH AND GEORGE F. Carter. Pp. 5; fig. 1. Progress. 
Repts. on Soils, Terraces and Time in the Chesapeake Bay Region 4, Johns 
Hopkins Univ., Baltimore, 1952. 


Missouri Geological Survey and Water Resources—Rolla, 1952. 


Geology of Boone County. A. G. Unxiessay. Pp. 159; pls. 13; fig. 1. 
Detailed stratigraphy; economic resources include coal. and limestone. 


Rept. Inv. 13. Guide Book Sixteenth Regional Field Conference. Epwarp 
L. CLARK AND THoMAS R. Beveripce. Pp. 93. Includes many figures and 
cross-sections. 


Geology of the Caballo Mountains. Vincent C. Ke_tey anp CASWELL SILVER. 
Pp. 286; pls. 19; figs. 26. Price, $2.50. University of New Mexico Publica- 
tions in Geology, No. 4, Albuquerque, 1952. Detailed stratigraphy and struc- 
ture; mineral resources include minor lead, copper, fluorspar, gold and coal. 
Petroleum possibilities are essentially untested. 
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North Dakota Geological Survey—Grand Forks, 1952. 
27th Biennial Rept. Wurson M. Lairp. Pp. 14. 


Circ. 8. Summary of the Hunt Oil Company Shoemaker No. 1 Well, Mc- 
Henry County. Sipney B. Anperson. Pp. 15. 


Circ. 9. Summary of the H. L. Hunt Oil Company Oliver Olson No. 1, 
Bottineau County. Sipney B. ANpErson. Pp. 11. 


A Program of Activities and Research in Coal Geology. Guitsert H. Capy. 
Pp. 55; pls. 2; figs. 14. Ohio Geological Survey Inf. Circ. 10, Columbus, 1952. 


Eighth Biennial Rept. Pp. 26. Oregon Dept. of Geology and Min. Ind. Bull. 43, 
Portland, 1952. 


Symposium on Surface and Subsurface Reconnaissance. Pp. 228. Am. Soc. 
for Testing Minerals Special Tech. Pub. 122, Philadelphia, 1952. Includes 
many interesting papers on study of soils by geological, pedological and geo- 
physical methods. 


The Mines Magazine. Denver, Colo., Vol. XLII, No. 11, November, 1952. Price, 
$2.50. 17th annual petroleum number. Includes papers on petroleum explora- 
tion, research and developments. 


Canada Department of Mines—Ottawa, 1952. 


Mem. 265. Torbay Map-Area, Newfoundland. E.R. Ross. Pp. 64; pls. 6; 
figs. 5. Price, 75 cts. Stratigraphy and structure of area. Mineral re- 
sources include Wabana iron ores, and minor manganese, molybdenum and 
copper. 

Bull. 22. Deep Wells and Subsurface Stratigraphy of Part of the St. Law- 


rence Lowlands, Quebec. Herren R. Betyea. Pp. 113; pl. 1; figs. 4. 
Price, 50 cts. Detailed Ordovician Stratigraphy. 


Second Annual Rept. National Advisory Committee on Research in the 
Geological Sciences, 1951-52. Pp. 87. 


Manitoba Department of Mines—Winnipeg, 1952. 
Pub. 50-3. Geology of the Lilly Lake-Kickley Lake Area. G. A. RussELt. 
Po. 17; pi. 1. 
Pub. 50-6. Geology of the Rennie-West Hawk Lake Area. G. D. SprinceEr. 
Pp. 24; pl. 1. 
Pub. 51-5. Geology of the Melvin Lake Area. H. E. Hunter. Pp. 16; pl. 1. 


Kyanite and Sillimanite in Ontario. D. F. Hewitt. Pp. 9. Ontario Dept. of 
Mines Ind. Min. Circ. 4, Toronto, 1952. 


Quebec Department of Mines—Quebec, 1952. 


Geol. Rept. 46. Montreal Area Laval and Lachine Map-Areas. T. H. 
CrarK. Pp. 159; pls. 20; figs. 12. Detailed Ordovician stratigraphy, 
petrology and structure of area. Economic resources include limestone and 
construction material. 


Geol. Rept. 52. Canimiti River Area. N. B.Gitties. Pp. 46; pls. 5; fig. 1. 
Petrology and structural geology of area. 
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Serpentin- und Chromerz-Geologie der Balkanhalbinsel. Gustav HiEssLEInt- 
NER. Pp. 683; pls. 10; figs. 186; tbls. 3. Jahrbuch der Geologischen Bunde- 
sanstalt, Wien, 1951-52. Contains part one which appeared last year and also 
part two. Part two gives a general view of geological features and origin of 
serpentine and chrome ore in the Balkan Peninsula and Asia Minor. Includes 
discussion of relations to similar problems of ultrabasic rocks and chromite de- 
posits in other parts of the world. 


Departamento Nacional da Produgéo Mineral—Rio de Janeiro, 1950-51. 


Bol. 85. Depdsito de Manganés do Distrito da Serra do Navio, Territério 
Federal do Amapé. JoHN VAN Dorr II, Cuartes F. Park, Jr., E. Gry- 
CON DE Paiva. Pp. 80; pls. 4; figs. 5. 


Bol. 136. Contribuicgfo 4 Origen do Diamante en Diamantina, Estado de 
Minas Gerais. Octavio Barsosa. Pp. 35; figs. 15. Summary of geologic 
relations of Brazilian and other diamond occurrences. Diamond-bearing 
schist at Diamantino thought to have been originally a trachyte. 


Zeélitas dos Basaltos do Brasil Meridional. Ru1 Risrrro Franco. Pp. 69; 
pls. 24; figs. 19. Universidade de Sao Paulo Bol. 150, Min. 10, Sao Paulo, 1952. 
Detailed study of zeolites in basalts and diabases of southern Brazil. 


Les Groupes de |’Urundi, du Kibali et de la Ruzizi au Congo Oriental et Nord- 
Oriental. L. Canen. Pp. 71. Ann. Soc. Géol. de Belg. T. LXXV, Liége, 
1952. Stratigraphic studies in eastern and north-eastern Belgian Congo. 


The Iron Ores of Finland. V. Marmo. Pp. 118-127; fig. 1. XIX Int. Geol. 
Congr., Alger, 1952. 


Lounais-Suomen Rikkikiisu-Konkretioista. ViLAp1 MArMo anp AARNE LaAITA- 
KARI. Pp. 14; figs. 8. Geol. Tutkimuslaitos Geoteknillisia Julkaisuja 53, 
Helsinki, 1952. Discussion of pyrite concretions of southwest Finland. 


Matériaux pour l’Etude Géologique et Miniére de la Partie Nord-Ouest du 
Gabon. Victor Baset. Pp. 101; figs. 11. La Direction des Mines de 
l’Afrique Equatoriale Frangaise, Bull. 5, Paris, 1952. 


Neues Jahrbuch Mineralogie—Stuttgart, 1951-52. 


Abh. 83, Nr. 1. Die Eisen- und Manganerzginge von Eisenbach (siidéstl, 
Schwarzwald) und ihre tektonische Stellung. Saricu Farsi. Pp. 53- 
150; pl. 1; figs. 54; tbls. 4. Detailed account of structure and mineralogy of 
iron-manganese ores of Eisenbach. 


Abh. 84, Nr. 3. Der Werdegang des Orthits in der magmatischen und 
metamorphen Abfolge des mittleren Schwarzwaldes. Grruarp REIN. 
Pp. 365-435; figs. 48; tbls. 9. Development of allanite in the magmatic and 
metamorphic series of the middle Black Forest. 


Vergleich der Uranerzvorkommen des mittleren Schwarzwaldes mit anderen 
Lagerstaétten. Hans ScHNEIDERHOHN. Pp. 84-105; figs. 10. Comparison 
of the uranium deposits of the Black Forest with other deposits. Mitt.-Bl. bad. 
geol. Landesanstalt, Frieburg, 1951. 


IMM Abstracts. Pp. 84. Inst. Min. Metallurgy Vol. 3, No. 1, London, 1952. 
Contains survey of world literature on Economic Geology, Mining and allied 
subjects. 
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Subsurface Research Department—Athens, 1951. 


Vol. 1. The Mineral Wealth of Greece. Pp. 194. Memorial volume to Dr. 
Liatsikas. Includes papers on emery deposits of Island of Naxos, iron de- 
posits of Serifos Island, and iron-pyrite deposits of Ermioni mining district. 


The Geology of Greece, No. 1. Das Neogen Gebiet Nordwestlich Athen. 
B. von FreyBerc. Pp. 65-86. Neogene stratigraphy northwest of Athens. 


The Geology of Greece, No. 2. Uber den Tektonischen Bau und die 
Entstehung der Erdéllagerstatten des Polylophos-Dragopsa Gebiets ven 
Epirus. J. K. TrrkKatinos. Pp. 184; pls. 4; figs. 13. Tectonic and 
stratigraphic study of oil-bearing strata in Molitsa Valley, Greece. 


The Geology of Greece, No.3. Geologie und Lagerstattenkunde des Braun- 
kohlenreviers von Serrae (Makedonien). B. von Freysurc. Pp. 87- 
154; figs. 24. Geology of the lignite district of Serrae in Macedonia. 


Geology of Greece, No. 4. Contribution 4 la Connaissance du Néogéne de 


VAttique. Pp. 156; pls. 10. Study of Pliocene marine fossils from Attica, 
Greece. 


Geology of Greece, No. 5. Siisswassermiozin von Bosnischem Typus in 
Griechenland. OtHmar Ktun. Pp. 185-192; fig. 1. 


Rept. 1. Pyrgos-Olympia Lignite Basin. E. Karacrorciou. Pp. 24. Es- 
timated reserves of lignite—40,000,000 tons. 


Rept. 2. Lingistis Lignite Deposits. C. Garpixa. Pp. 26; figs. 3. 


Rept. 3. Megara Lignite Basin. G. Marinos. Pp. 14; figs. 6. 

Rept. 4. Koroni, Velika and Kaliani Lignite Basins. Pp. 10; pl. 1. 

Rept. 5. Psachna’s Euboea Lignite Basin. G. Aronis. Pp. 10. 

Rept. 6. Angelokastron and Katuna Lignite Basins. W. E. PeTrascHEck. 


Pp. 14; figs. 7. 


Rept. 7. Northern Corinthia and Aegialia Lignite Basins. G. Marrnos. 
Pp. 20; figs. 5. 


Rept. 8. Alexandroupolis Lignite Basin. G. Marinos. Pp. 15; figs. 3. 
Rept. 9. Locris (Atalanti) Lignite Basin. G. Marinos. Pp. 14; figs. 3. 
Rept. 10. Northern Euboea Lignite Basin. G. Aronis. Pp. 10. 


Rept. 11. Kozani, Servia, Sarantaporos and Elassona Lignite Basins. E. 
KaraGeorciou. Pp. 34; figs. 10. 


Rept. 12. Larissa Lignite Basin. G. Marinos. Pp. 4; fig. 1. 


Rept. 13. Paros Manganese Deposits. D. Francato. Pp. 21; figs. 3. 
Manganese occurs as replacement in marble. 


Rept. 14. Amynteon-Vegora Lignite Basin. D. G. Vertoutis. Pp. 32; 
figs. 4. 


Rept. 15. Geological and Geophysical Reconnaissance on the Metalliferous 
Area of N. E. Chalkidiki. K.Zacuos et at. Pp. 13; figs. 4. 
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Service Géologique du Maroc—Rabat, 1950-51. 


Mem. 71. Sur la présence de charbon dans une formation filinienne de la 
région de l’Ounien (Haut Atlas). G. Jouravsky AnD F. PERMINGEAT. 
Pp. 135-143; Quelques aspects du plomb de substitution au Maroc. J. 
Boutapon. Pp. 123-133; figs. 2. 


Mem. 74. Découverts de la scheelite et du wolfram dans le massif de Jebel 
Aouam (Maroc Central). J. Acarp et P. Morin. Pp. 159-162; Les 
gisements de plomb et de zinc en Afrique du Nord. J. Boutapon. Pp. 
163-181; pl. 1; Apercu géologique et métallogénie sur la région minérali- 
sée de Bou Azzer. G. Jouravsxy. Pp. 183-192; pl. 1; L’or et argent 
dans la région minéralisée de Bou Azzer. G. Jouravsxy. Pp. 193-207; 
figs. 5; Sur la présence du charbon dans les calcaires géorgiens de la 
région de l’Ouichedéne. Pp. 209-210. 


Mem. 76. Sur l’age et le mode de gisement des aiounites et mestigmerites 
du Maroc oriental. J. Acarp. Pp. 189-195; Etude préliminaire des peg- 
matites 4 muscovite et beryl du Sud de la Plaine de Tazenakht. J. 
BouLaDON ET AL. Pp. 207-235; fig. 7. 


Mem. 83. Quelques problémes relatifs aux roches granitiques et micro- 
granitiques et 4 leur minéralisation dans le Maroc central. P. Morin. 
Pp. 163-182; pl. 1; Les gisements de fluorine du Maroc. J. AGARD AND 
P. Morin. Pp. 184-219; figs. 5; Le gisement de Tasdremt (Haut Sous) : 
Un gite sédimentaire de manganése plombifére dans le Mésocrétacé 
transfressif. J. Boutapon anp M. Meune. Pp. 222-250. 


Mem. 85. Sur une paragénése a fluorine dans la région d’Ouezzane. J. 
Acarp AND C. Gauperroy. Pp. 219-224; Bibliographie des publications 
minéralogiques relatives au Maroc. C. Gauprrroy. Pp. 227-235; Sur 
la tantalite et la niobite de l’Anti-Atlas. P.Co1sset anp F. PERMINGEAT. 
Pp. 237-242; Prehnite dans le Trias de la région d’Ouezzane. C. GaupE- 
Froy. Pp. 243-244; fig. 1; Sur la célestie de la région d’OQuezzane et des 
minéraux qui lui sont associés. C. GAUDEFRoY AND F. PERMINGEAT. Pp. 
245-248. ; 


Estudos, Notas e Trabalhos. Vol. VII, Fasc. 34. Pp. 281-423; figs. 35. 
Servico de Fomento Mineiro, Porto, Portugal, 1952. Includes papers on iron 
ore in Portugal, small manganese deposits of Cova de Moura and drilling results 
in Rio Maior lignite basin. 


Ministerio de Minas e Hidrocarburos—Caracas, 1952. 


Revista de Hidrocarburos y Minas, Ano. II, Nim. 6. Pp. 192. Contains 
papers of interest on mining and petroleum problems in Venezuela. 
Bol. 86. Actividades Petroleras. Pp. 13. 

Collie Mineral Field. J. H. Lorp. Pp. 247; pls. 11; figs. 56; tbls. 35. West. 
Australia Geol. Survey Bull. 105; Perth, 1953. Detailed account of general 
geology, structure of Collie River Coal mining district. Includes mining de- 
scriptions, preliminary geophysical reports, study of Microspores of the Permian 
coal, and petrology of Permian and Tertiary deposits of area. 


GeoloSki Vjesnik. Sv. II-IV, 1948-50. Pp. 224. Zagreb, 1952. 12 papers on 
paleontology, geochemistry, mineralogy and economic geology on Yugoslavia. 
Each paper has a German, French or English abstract. 

















SCIENTIFIC NOTES AND NEWS 


Tuomas A. JaGGarR, international volcano expert who founded the Hawaiian 
Volcano Observatory, died in Honolulu on January 18. 


ALAN T. Broperick has resigned as regional geologist with the M. A. Hanna 
Co. and has accepted the position of chief geologist with the Inland Steel Co. 


Tuomas C. Baker, Jr., has been transferred by the American Manganese Steel 
Division of the American Brake Shoe Co. from their Cleveland office. He will 
represent them in Ohio and Michigan. 


Cuartes F. Davipson, chief of the Special Investigations Branch of the British 
Geological Survey, has been made an officer of the Order of the British Empire in 
recognition of his contributions to the search for strategic minerals. 


Tuomas N. WALTHIER, geologist, has joined the New York Division of Raw 
Materials, Atomic Energy Commission. New geologists at Grand Junction, Colo- 
rado Exploration Branch are: Epwarp Vincent Mace, J1M CLEVELAND STAND- 
ARD, Forrest R. FINcHER and Joun V. A. SHARP. Howarp E. Ges tin, geologist, 
has joined the Denver, Colorado, Exploration Branch and WitMeEr R. PETERSON, 
mining engineer, has joined the Salt Lake Exploration Branch. 


Wit.1aM C. Gussow has set up in private practice as a Geological Consultant 
with headquarters in Calgary. He was formerly on the staff of the Shell Oil 
Company in that city. 


Haroip L. JAmes is Visiting Lecturer in Geology at Northwestern University 
during the winter and spring quarters of the current year. He is on leave from 
the U. S. Geological Survey to teach and direct graduate research in petrology and 
ore deposits. 


The largest radioactive source outside of AEC installations was unloaded at 
the STANFORD ResearcH INstTITUTE in December. This source, which is three 
times more powerful than any other quantity of radioactivity that the AEC has 
permitted to leave its control, is rated at 4,500 curies. The new Rapration EncI- 
NEERING LAsoratTory at Stanford will use this source as its core for investigations 
into the industrial applications for nuclear energy. Service will be provided to 
companies wishing to explore uses of radiation for their products or processes. 


Pau E. Ktropstec, Assistant Director for Mathematical, Physical and Engi- 
neering Sciences of the National Science Foundation, has been appointed to the 
new position of Associate Director of the Foundation. Raymonp J. SEgcer, Pro- 
gram Director for Physical Sciences, has been appointed acting Assistant Director 
for Mathematical, Physical and Engineering Sciences. In his new capacity, Dr. 
Klopsteg will be responsible for assisting the Director and the Deputy Director 
of the Foundation in following closely the development of relationships with uni- 
versities and with other Federal agencies; he will also handle special assignments 
of importance to the scientific programs of the National Science Foundation. 


Tue AMERICAN ASSOCIATION OF SPECTROGRAPHERS is planning a symposium on 
“Emission Spectroscopic Determination of Metals in Non-Metallic Samples.” The 
symposium will be held in Chicago on May 1, 1953. Contributed papers in the 
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fields of petroleum, geology, agriculture, pharmacy, biology, etc., are welcome. 
Please address all inquiries to: J. P. Pagliassotti, Chairman, Symposium Committee, 
c/o Standard Oil Company (Indiana), Box 431, Whiting, Indiana. 


M. H. Frowserc is resuming private practice as consulting geologist in Toronto, 
after an association with Prospectors Airways Ltd. and affiliated companies for the 
past three years. 


Early in January, a party of four geologists of Behre Dolbear & Company left 
New York for the Galapagos Islands to make a geological reconnaissance of Isabela 
Island. The party includes CHArLtEs H. Beure, Jr., A. F. BANFieELD, Davin St. 
Cuarr and CapraIn GUILLERMO Brixsy. 


A. F. Frepickson has returned to Washington University, St. Louis, Mo., after 
a 14-month stay in Europe. He held a Fulbright Fellowship for Research at the 
University of Oslo and visited some of the classic mining regions of Norway, 
Sweden, Spain and North Africa. 


Wa ter E. Sersert, Jr., has resigned as resident geologist at Reynolds Mining 
Corporation bauxite operations in Alexander, Arkansas. He is now assistant to 
the president of St. Lawrence Corporation of Newfoundland. 


Frank Drxey, Director of British Colonial Geological Surveys, has been 
awarded the Murchison Medal of the Geological Society of London in recognition 
of his outstanding contributions to the geology of Africa. 


H. Gorpon Bassett, who this year obtained his Ph.D. at Princton University, 
is now on the staff of the Shell Oil Company of Canada, Ltd., Stratigraphic Section, 
at Calgary, Alberta. 


Ery MENcHER has resigned his position as research geologist for Socony- 
Vacuum Oil Company of Venezuela to become Associate Professor at Massachu- 
setts Institute of Technology. 


ParkE A. Hopces and Ross Fietp of Behre Dolbear and Company are making 
a mine examination at Huepac, Sonora, Mexico. 


J. Hartan Jounson, professor of geology at the Colorado School of Mines, 
is now in the South Pacific doing research work on reef islands under the auspices 
of the U. S. Army. He is studying coral réefs, limestones and reef growths due 
to lime-secreting sea weeds. 


CLARENCE O. MITTENDORF, acting head of the Defense Minerals Exploration 
Administration since its establishment last fall, has been named administrator of 
that agency. 


F. R. Jones, formerly manager for Giant Mascot Mines, Ltd., Spillimacheen, 
B. C., is now Chief Engineer for Canadian Exploration, Ltd., Salmo, B. C. 


Joun C. Nicra, who recently resigned as research geologist for the Arabian 
American Oil Company in New York City, has accepted an appointment as Asso- 
ciate Professor of geology at Tulane University, New Orleans. 


Kincstey C. DunHAM, professor of geology at the University of Durham, has 
been awarded the Bigsby Medal of the Geological Society of London in recogni- 
tion of his contributions to petrology and the study of mineral deposits. 


Rosert W. Wess has accepted the joint position of Executive Director of the 
American Geological Institute and Executive Secretary of the Division of Geology 
and Geography of the National Research Council, effective January 1, 1953. Dr. 
Webb will be on leave from his position as Professor of Geology in Santa Barbara 
College, University of California. 











